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Abstract 
Predators not only kill prey, but through the 'fear' of predation, predators induce costly anti-
predatory responses in prey.  Anti-predatory costs may scale up to effects on prey 
populations, through effects on prey reproduction and survival.  This thesis aimed to quantify 
the net effect of predation risk effects on a prey population in a terrestrial vertebrate system 
for the first time.  I manipulated the perceived risk of predation in multiple study years by 
exposing song sparrows (Melospiza melodia) to playbacks of either predator or non-predator 
calls.  Females exposed to predator playbacks laid fewer eggs, had more eggs fail to hatch, 
and had more nestlings die, replicating past studies.  However, my thesis differentiated from 
past work by assessing predation risk effects on the survival of free-living juveniles using 
radio-telemetry.  From egg-laying to juvenile independence females exposed to predator 
playbacks produced 53 % fewer offspring.  Using mark-recapture methods I found that this 
53 % reduction to juvenile independence was maintained to juvenile recruitment into the 
breeding population, effectively halving the number of new breeders to join the population.  
Predation risk effects further affected the breeding population by disproportionally reducing 
female survival in recruits and older adults.  The annual survival for females in the predator 
playback treatments was 42 % compared to 69 % in the non-predator treatment.  Observed 
differences between treatments appeared to be differences in true survival values because 
mark-recapture histories and natal dispersal comparisons suggested that juveniles and adults 
did not differ in emigration rates between treatments.  Incorporating the observed effects on 
all life-history stages of my study species into Leslie matrices revealed that the cumulative 
cost of predation risk effects caused a 25 % difference in population growths rates between 
playback treatments.  Overall, predation risk effects were strong enough to predict population 
declines (24 % per year) suggesting that predation risk effects do indeed scale up to 
population level effects.  Thus, predation risk effects should be taken into consideration for 
future conservation and wildlife management decisions pertaining to the control or 
reintroduction of species. 
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Chapter 1  
1 General introduction 
1.1 Population ecology 
The goal of population ecology is to understand the abiotic or biotic factors that most 
likely control and determine the growth rates, abundances, and distributions of biological 
populations (Williams et al. 2002, Rockwood 2006, Krebs 2009).  A biological 
population (hereafter referred to as population) are defined as a group of interbreeding 
individuals that live within the same space or area at the same time (Williams et al. 2002, 
Rockwood 2006, Krebs 2009).  In general, most populations live in areas that do not 
prohibit the dispersal and migration of individuals to and from the population, yet most 
population changes are often dictated by birth and death rates of a population (Turchin 
2003, Rock wood 2006).  For the most part, population ecology aims to quantify the 
number of individuals gained or lost over time by counting  births, immigration, deaths, 
and emigration (BIDE) and thereby determine the net change in a population.  Such 
information (BIDE) can be expanded upon to estimate population growths rates and be 
applied to project population changes over time (Williams et al. 2002, Rockwood 2006, 
Krebs 2009).   
 Understanding factors that influence populations is necessary for several fields of 
biology and is needed to expand upon for more comprehensive studies (Williams et al. 
2002, Rockwood 2006, Krebs 2009).  Without understanding the ecology of populations, 
conservation biologists, wildlife managers and resource biologists cannot make informed 
decisions about individual species or communities.  For example, without adequate 
information on a population how can a fishery or wildlife management agency be certain 
about how to limit or even prohibit fishing or hunting, or decide for how long to impose 
such restrictions?  A lack of information on a given population could lead to erroneous 
management decisions that lead to the loss of individual species and biodiversity.  
Furthermore, without this basic data from population studies, most theoretical studies at 
larger scales, like landscape and ecosystem studies, would either be impossible to conduct 
or lack any real meaning (Rockwood 2006).   
2 
 
 The comprehensiveness of ecosystem studies makes them appealing, but at the 
same time they can be weakened by their complexity and lack of information to 
understand community structure and organization (Rockwood 2006).  To conduct more 
comprehensive studies in ecology requires more information on interspecific interactions 
(e.g. predator-prey or parasite-host interactions), a void that can be filled by population 
ecology (Williams et al. 2002, Rockwood 2006, Krebs 2009).  In order to determine how 
ecosystems function first requires an understanding of how an individual population 
works, which can then be expanded to assess how different populations interact with each 
other.  The utility of understanding populations was recently demonstrated by Reiners et 
al. (2017) who found that members of the Ecological Society of America (ESA) ranked  
the understanding of populations as one of the top ten (rank = 7 out of 131 concepts 
ranked) most important concepts in ecology today.   
 
1.2 Limiting factors of population growth rates: food and 
predators 
Understating factors that influence the birth and survival rates of populations will enable 
population ecologists to determine the factors that limit population growth rates (λ) 
(Crouse et al. 1987, Crowder et al. 1994, Smith and Trout 1994, Crooks et al. 1998, 
Turchin 2003).  Fecundity (i.e. gamete/propagule production) and survival essentially 
represent and define the fitness of individuals.  However, when these are combined and 
averaged at a population level they can be used to determine population growth rates (e.g. 
λ= survival rate + birth rate [st + bt]; Crouse et al. 1987, Crowder et al. 1994, Smith and 
Trout 1994, Crooks et al. 1998).  Accordingly, population ecologists employ a wide-array 
of laboratory and field studies to assess what variables have the largest effect on survival 
and birth rates.  Which environmental factors predominantly limit population growth rates 
can vary widely depending on the taxa, species and or even the population of study.  
However, predators and food are often considered two of the most important factors 
limiting population growth rates (Krebs et al. 1995, Zanette et al. 2014, Zanette and 
Clinchy 2017).   
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 The limitation of populations by predators and food often is termed as top-down 
or bottom-up control, respectively (reviewed in Zanette and Clinchy 2017).  Bottom-up 
control refers to the limitation on population growth rates imposed by finite resources 
within the environment, like food (Williams et al. 2002, Rockwood 2006, Krebs 2009).  
Food supply limits population growth rates because the amount of food consumed by an 
individual will impact its physiological condition, which in turn will influence an 
individual's  fecundity and survival.  Under periods of high food supply population 
growth rates should be elevated.  Alternatively, when food is scarce one might expect to 
observe low or even declining population growth rates (Zanette et al. 2014, Zanette and 
Clinchy 2017).  Comparatively, top-down control on populations refers to limitations 
imposed on population growth rates by factors that control death rates, like predators 
(Zanette et al. 2014, Zanette and Clinchy 2017).  Historically speaking, the effects of 
predators and food on controlling population growth rates were considered independent 
from each other, until some pioneering experiments demonstrated that this assumption 
was not always valid (reviewed in Zanette and Clinchy 2017). 
 Different experiments conducted on snowshoe hares (Krebs et al. 1995), ground 
squirrels (Karels et al. 2000) and song sparrows (Zanette et al. 2003) have demonstrated 
that food and predators have an interactive effect on populations.  In these experiments 
researchers compared 4 types of treatment groups for food and predation risk: low food 
and risk, low food and high risk, high food and risk, and high food with low risk.  
Comparisons among experimental groups revealed that food and predator treatments 
interacted in a synergistic pattern.  For example, Zanette et al. (2003) demonstrated that in 
comparison to controls, parents only produced 1.1 times or 1.3 times more offspring when 
food was high/added or predation risk was low, respectively.  Comparatively, when 
parents were exposed to treatments with high food and low predation risk concurrently, 
4.0x more offspring were produced compared to controls. These results suggest that 
predators are doing more than just killing prey, but are also altering prey food intake as 
well because food and predator effects on prey reproduction were not additive (i.e. 1.1 + 
1.3 = 2.4, not 4.0), but demonstrated a synergistic interaction with each other (Krebs et al. 
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1995, Karels et al. 2000, Zanette et al. 2003).  A later study confirmed that in high 
predation risk environments females ate less food, even when food was unlimited 
(Zanette et al. 2013), which likely explains the interaction between food and predators 
observed  in Zannette et al. (2003).   
 The concept that predators only affect prey populations by killing individuals has 
shifted to incorporate a second mechanism for predators to affect prey, via predation risk 
effects (e.g. reduced food supply via reduced foraging; reviewed in Creel and 
Christianson 2008).  Depending on who you cite, predation risk effects are also called: 
‘non-consumptive effects’ (Blaustein 1997), ‘non-lethal effects’ (Lima 1998), or ‘fear 
effects’ (Brown et al. 1999); but all these terms are referring to the same concept.  By 
incorporating predation risk effects into population ecology the field has started to catch 
up to other fields, such as behavioural ecology, and ecologists are beginning to 
understand the importance of anti-predator responses and the effects they could have on 
prey reproduction and survival (reviewed in Zanette and Clinchy 2017). 
 Throughout the remainder of this thesis I will often use the term ‘fear’ to help 
articulate my meaning of predation risk effects.  Fear is a term used to describe an 
emotion humans feel when they experience an impending threat to their survival (Gross 
and Canteras 2012).  Using the term fear with non-human animal studies is a contested 
issue because of the debate about the capability of non-human animals experiencing fear 
(Gross and Canteras 2012, LeDoux 2012).  Despite this discrepancy about using the term 
fear in non-human animal studies, there is a growing consensus that understanding the 
neural circuits that generate physiological and behavioural responses to threat in animals 
provides a promising approach to understanding fear in humans (Gross and Canteras 
2012, LeDoux 2012).  In this thesis, I follow the precedent set by other ecologists to use 
the term ‘fear’ or ‘fear effects’ to refer to prey responses to their perceived risk of 
predation (Brown et al. 1999, Martin 2011, Zanette and Clinchy 2017).  Furthermore, 
when using the term fear, I mean with reference to the perceived risk that a predator poses 
to an animal's life, rather than other potential sources of threat (e.g. pain, competitors; 
Gross and Canteras 2012) 
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1.3 Anti-predator responses 
The term anti-predator responses refers to changes that an individual makes in response to 
their perceived risk of predation to minimize their risk of predation.  Anti-predator 
responses have largely been broken down into three categories: morphological, 
physiological, and behavioural (Caro 2005, Creel and Christianson 2008, Lima 2009).  
Below I describe the three primary categorizations of anti-predator responses and provide 
some examples from the literature. 
 
1.3.1 Morphological anti-predator responses 
In response to predator cues organisms have been observed to alter they physical 
phenotype to help minimize their risk of predation.  A classic example of predation risk-
induced changes in morphology has been documented with species of the genus Daphnia.  
When Daphnia are exposed to chemical cues of predators in water they have been shown 
to grow helmets and neck spines (Tollrian 1990, Repka et al. 1995) to help avoid being 
swallowed by invertebrate predators.  Most examples of predation risk-induced changes 
in morphology are from studies on invertebrates and aquatic systems, wherein prey 
species largely alter the physical shape or size of their body to help escape predators 
(reviewed in Priessier et al 2005, Preisser and Bolnick 2008).  However, recent work has 
demonstrated that predation risk can induce morphological changes in the brain in 
vertebrate prey species (Hobbs 2015, Witterick 2017). 
 
1.3.2 Physiological anti-predator responses 
In response to predators, prey are often stressed and consequently this stress alters their 
physiological make-up (Sheriff et al. 2009, Travers et al. 2010).  Predator-induced 
changes in prey physiology can range from being acute to chronic, with more recent 
studies exploring and assessing chronic stress effects (reviewed in Zanette et al. 2014).  
The "fight-or-flight" response (Cannon, 1932) is a great example of how predators can 
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induce an acute response in prey physiology.  In response to a predation threat an 
individual will increase blood concentrations of stress hormones and glucose to better aid 
muscle responses for defensive behaviours, like fighting or fleeing.  Wildlife have been 
shown to be physiologically stressed over time when living in environments with a high 
perceived risk of predation (Creel et al. 2007, Sheriff et al. 2009, Travers et al. 2010, 
Newman 2013).  Chronic stress may seem bad, but being physiologically prepared for a 
predator attack when your risk of predation cannot be proactively mitigated with other 
responses helps keep individuals ready for any surprise attacks (e.g. ambush predators) 
(Hammerschlag et al. 2017). 
 
1.3.3 Behavioural anti-predator responses 
Prey have been shown to exhibit a wide-array of behavioural changes in an attempt to 
reduce their risk of predation for not only themselves, but even for their offspring as well.  
A behavioural shift that prey commonly use in response to a perceived increase in 
predation risk is an elevation in prey vigilance levels (reviewed in Lima and Dill 1990).  
Other examples of behaviours used by prey in response to predators are: mobbing 
behaviour, alarm calls, displays of 'strength' or 'size', fighting with predators, altered 
movement patterns through space and time within home ranges (e.g. forage at night 
instead of during the day), altered habitat selection,  increased emigration rates, increased 
dispersal distances, etc. (reviewed in Caro 2005, Lima 2009).  Prey do not only try to 
reduce their risk of predation to themselves with anti-predator behaviours, but also alter 
behaviours to help reduce the risk of predation to their offspring, some examples being: 
altered nest- or den-site selection, altered parental care patterns (e.g. feed offspring less to 
avoid showing predators the location of vulnerable young), protection of young (e.g. 
parents feigning injuries to attract predator away from offspring location), etc.  (reviewed 
in Caro 2005, Lima 2009). 
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1.4 Consequences of anti-predator responses: the cost of 
fear 
Although anti-predator responses help reduce the risk of predation they most likely do so 
at a cost to prey fecundity, survival, or both (reviewed in Creel and Christianson 2008, 
Zannette and Clinchy 2017) .  Generally, prey make a trade-off between minimizing 
predation risk at the expense of not exhibiting or performing some other beneficial trait or 
behaviour that affects fecundity and survival (Lima and Dill 1990, Creel and Christianson 
2008, Creel et al 2009).   For example, by increasing vigilance behaviour prey may 
consequently reduce their foraging rate, which may negatively affect their physiological 
condition and decrease survival and fecundity; mimicking bottom-up control of 
populations exhibited with food (e.g. predator-sensitive food hypothesis; Sinclair and 
Arcese 1995, Creel et al. 2009).  Despite the potential cost to survival and fecundity 
incurred by performing anti-predator responses, representing the cost of fear (Martin 
2011), these loses pale in comparison to being killed by a predator, the immediate loss of 
any future reproductive success. 
 Integrating the cost of fear into population ecology models for predator-prey 
dynamics requires data from experimental field studies, wherein one can eliminate direct 
predation and solely assess predation risk effects.  These types of experiments have been 
widely done with invertebrate systems, since researchers can exploit the use of 
microcosms and can physically prevent predators from being able to kill prey (Peckarsky 
et al. 1993, Schmitz et al. 1997).  For example, predator spiders had their mouth glued 
shut in such experiments and therefore could still interact with prey, but could not kill the 
prey grasshoppers (Schmitz et al. 1997).  Then, by comparing prey populations with and 
without the risk of predators, one can ascertain the cost of fear.  In a meta-analysis of 
these kind of predation risk experiments Priessier et al. (2005) concluded that predation 
risk effects can have an equal or greater effect on prey populations than direct killing 
alone, since predation risk affects both fecundity and survival.  
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1.5 Integrating the cost of fear into terrestrial vertebrate 
population ecology 
Because of logistical constraints on spatial and temporal scales required to perform the 
same type of predation risk experiments performed on invertebrates, no analogous studies 
have been conducted in terrestrial vertebrate systems.  This lack of studies on predation 
risk effects in terrestrial vertebrate systems has been recognized and coined by Lima 
(1998) as the "terrestrial gap" (Lima 1998).  However, in terrestrial vertebrate systems 
some evidence suggests that predation risk effects do exist in these systems.  For 
example, in response to predator cues animals often lose body mass (Lima 1986, Gosler 
et al. 1995, MacLeod et al. 2014) or alter their foraging patterns, which reduces their 
physical condition (MacLeod et al. 2007a,b).  However, evidence from these and other 
studies assessing predation risk effects on prey demography come from natural 
experiments, wherein contrasts are made between populations of high and low predator 
densities.  The limitation of these natural contrasts has led to large disagreement about the 
existence of predation risk effects in terrestrial vertebrate systems.  For example, in 
Yellowstone National Park (USA), the elk (Cervus canadensis) population was studied 
before and after the re-introduction of wolves (Canis lupus) into the park and the data 
suggest that predation risk effects do exist,  since female elk ate less, were in poorer 
physical condition and consequently did not bear as many offspring (Creel et al. 2007, 
Creel et al. 2011),  Despite this evidence, others contend that no such predation risk 
effects on birth rates are happening in Yellowstone because the reduced calving rates may 
be due to low recruitment rates, which could be caused by several factors besides 
predation risk effects (White et al. 2011, Middleton et al. 2013).  Irrefutable evidence of 
predation risk effects requires experimental manipulations in the field to be conducted. 
 Despite a growing body of literature in support of the claim that predation risk 
effects on prey populations exists, experiments using manipulations of risky, but 
nonlethal predators are missing in terrestrial vertebrate systems.  This type of study is 
missing because of the large logistical challenges in conducting such a study on free-
roaming wildlife, and the limitation of manipulating predators to be present and interact 
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with prey (i.e. risky), but nonlethal (e.g. one cannot glue shut mouths of raccoons 
compared to spiders).  Despite these limitations in the field, there are six prime examples 
of predation risk manipulations performed in the field with free-roaming wildlife that 
provide evidence for the existence of predation risk effects in terrestrial vertebrates 
(Eggers et al. 2006, Fontaine and Martin 2006, Sheriff et al. 2009, Travers et al. 2010, 
Zanette et al. 2011, Hua et al. 2014). 
 Of the experiments listed above, the study by Zanette et al. (2011) best emulated 
the risky, but nonlethal predator experiments performed in invertebrate systems.  Zanette 
et al. (2011) provided bird offspring protection in the nest by excluding predators from 
nest-sites with netting and electric fencing.  Because predators could not kill offspring in 
the nest, Zanette et al. (2011) could assess predation risk effects on offspring production 
within the nest by comparing reproductive output between females exposed to either a 
low or high predation risk environment using audio playback treatments made from 
predator or non-predator species calls and sounds, respectively.  Zanette et al. (2011) 
found significant predation risk effects on female egg production, hatching success and 
nestling survival.  Females exposed to predator playbacks laid fewer eggs, had more eggs 
fail to hatch, and suffered higher nestling mortality rates via starvation, suggested by the 
reduction in parental feeding.  In total, females exposed to predator playbacks produced 
38 % fewer fledglings compared to controls (Zanette et al. 2011).  
 This negative effect on 'birth rate' demonstrated by Zanette et al. (2011) likely 
underestimates the total effect that perceived predation risk has on prey populations 
because this risk could also reduce the survival of offspring after they have left the nest 
(e.g. juvenile survival).  Expanding upon previous findings that predation risk reduces 
prey fecundity and offspring survival (Zanette et al. 2011), this thesis focuses on 
determining how prey population growth rates are further influenced by predation risk 
effects, by assessing the effects of predation risk on fecundity and survival across all life-
history stages of my study species.  
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1.6 Study sites and species 
Field work was conducted at study sites found in the Southern Gulf Islands National Park, 
BC, Canada (48
o
43’21” N, 123
o
22’26” W).  The study population used for field 
manipulations was found among 16 sites distributed among 5 small (<200 ha) coastal 
islands or islets (Brakman, Russell, Portland, and Tortoise Island, and the Pellow islets) 
found in the Park (Appendix 1).  Of the 16 study sites, 8 sites were used as control sites 
for comparisons to the other 8 study sites wherein the perceived risk of predation was 
experimentally elevated by broadcasting calls and sounds of predator species (refer to 
section 2.2.2 Experimental design, for further details on predation risk manipulations; 
following Zanette et al. 2011).  At each study site territories of breeding song sparrow 
(Melospiza melodia) pairs were identified and monitored for measurements on both 
female fecundity and offspring survival throughout a breeding season in multiple years of 
study (2010, 2013 and 2014). 
 Song sparrows are small (i.e. 13-50 g) passerine birds found across North 
America, in forest, shrub, and riparian habitats (Arcese et al. 2002).  Song sparrows are 
multi-brooded (i.e. have more than one nest per breeding season), which form socially 
monogamous breeding pairs that hold and defend breeding territories, starting in early 
spring at my study sites (Zanette et al.  2006a,b). Female song sparrows found in the 
population studied tend to lay their first clutch in early-to-mid April and may successfully 
fledge 1-3 broods per year, with breeding ending between mid July to early August 
(Rastogi et al. 2006). 
 Females build open-cup nests used to house offspring throughout the nesting 
period (i.e. incubation and brood-rearing period) (Arecese et al. 1992).  Nest construction 
typically takes 3 days for completion (Rastogi et al 2006) and nests are generally 
composed of leaves, bark, grasses, and hair (Arcese et al. 1992, 2002).  Song sparrow 
nests are typically placed low to the ground (i.e. 0-0.5 m, Arcese et al. 1992, 2002).  After 
any successful or unsuccessful nesting attempt by a female, she will build a subsequent 
nest in a new location within her breeding territory during a given breeding season 
(Arcese et al. 2002, Rastogi et al. 2006).  
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 Upon completion of the nest, female sparrows will lay one egg per day until 
clutch completion (Arcese et al. 2002, Rastogi et al. 2006).  Clutch size ranges from 1-6 
eggs for song sparrows (Arcese et al. 2002).  However, females at my study sites typically 
lay 3 or 4 eggs per clutch (Rastogi et al. 2006).  Females begin incubating their clutch the 
day the penultimate egg is laid, and incubation typically lasts for 13 days (Rastogi et al. 
2006).  After the altricial nestlings hatch, both parents provide food to young during the 
brood-rearing period.  Only females perform brooding behaviour (i.e. sit on top of brood) 
to help maintain the body temperature of nestlings until about 8 days post-hatch, after 
which nestlings can thermoregulate on their own (Sogge et al. 1991).  
 Around 10-12 days post-hatch, nestlings will leave the nest (i.e. fledge) (Arcese et 
al. 1992, 2002).  At the time of fledging, juvenile sparrows are flightless, but are able to 
walk, run and hop around.  Additionally, young juveniles still depend on food 
supplementation from their parents for 2 to 3 weeks post-fledging, after which,  juveniles 
are cut-off from parental food provisioning and must fend for themselves (Chapter 2).  
 Predators are the primary source of song sparrow offspring mortality. Raccoons 
(Procyon lotor), corvids (Corvus spp.), and brown-headed cowbirds (Molothrus ater) are 
the primary predators that kill eggs/nestlings (Groves 2009). Predators that are presumed 
to have killed juveniles include: deer mice (Peromyscus maniculatus), raccoons, 
American mink (Neovison vison), corvids, and small hawks (e.g. Cooper's hawk, 
Accipiter cooperii).  Juveniles were confirmed to be eaten by raccoons, barred owls (Strix 
varia) and  garter snakes (Thamnophis spp.) as some juvenile sparrow remains and radio-
tags were retrieved from raccoon scat, a barred owl pellet or regurgitated from garter 
snakes (Allen, unpublished data). 
 Using the study population of song sparrows among the Gulf islands was crucial 
to my study because this population is resident year round (Zanette et al.  2006a,b).  
Because sparrows in this population do not migrate it should limit dispersal distances 
between study years because resident bird populations disperse shorter distances than 
migratory populations (reviewed in Paradis et al. 1998).  Because sparrows within my 
study population were anticipated to remain close to natal sites and previous breeding 
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sites, this likely increased the chance to find juveniles alive as recruits (i.e. juveniles that 
survived to adulthood) and re-sight adults between study years within my study area. 
 
1.7 Research objective 
The primary objective of this thesis was to quantify the net effect of predation risk effects 
on prey populations in a terrestrial vertebrate system by examining how the fear of 
predators affects all life-history stages of a prey population.  Most of the past work on 
predation risk effects in terrestrial vertebrate systems has focused on only assessing 
fecundity and early offspring survival (e.g. nestlings) (Eggers et al. 2006, Fontaine and 
Martin 2006,Sheriff et al. 2009, Travers et al. 2010, Zanette et al. 2011, Hua et al. 2014).  
Mimicking past studies I tested for the repeatability of predation risk effects on fecundity 
and early offspring production in the nest.  However, my research differed from past work 
by being the first study to assess predation risk effects on the survival of free-living 
juveniles using radio-telemetry.  Additionally, I estimated survival of recruits and adults 
using widely practiced mark-recapture methods to assess predation risk effects on these 
life-history stages.  I also tested if predation risk influenced the movement of juveniles 
during different time periods of juvenile development: at fledge (i.e. flightless), 
throughout the juvenile dependency period, and post independence from parental care to 
recruitment (i.e. natal dispersal, a potential source of emigration).  Lastly, I incorporated 
my observed effects on all life-history stages of my study species to determine the net 
effect of predation risk on population growth rates.  By doing this work I aim to expand 
the understanding of predation risk effects in population ecology, and thereby provide 
more comprehensive information about predator-prey ecology pertinent for theoretical 
ecology and real world conservation and wildlife management. 
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1.8 Thesis structure 
My thesis is comprised of three data chapters, which use data from a multi-year 
experimental manipulation to examine the effect of predation risk on different aspects of 
sparrow reproductive output and survival.  Experimental manipulations were performed 
to compare fecundity, survival, and movement patterns between song sparrows exposed 
to either a predation playback treatment (i.e. high risk) or non-predator playback 
treatment (i.e. low risk; control).   
 
1.8.1 Chapter 2: Assessing predation risk effects on offspring 
production and juvenile survival 
In Chapter 2 I examine how the perceived risk of predation influences juveniles, through 
effects on their behaviour, physical condition, and ultimately, their survival.  Perceived 
risk of predation was manipulated by using auditory playbacks and then using radio 
telemetry to follow the fate of juvenile song sparrows post-fledge.  In addition to 
assessing juvenile survival when exposed to a higher perceived risk of predation, I also 
tested if the timing of mortality differed between playback treatments.  The difference in 
mortality rates could reveal what time periods are critical for juvenile survival and may 
provide insight into conservation decisions about ways to maximize juvenile survival.  
Additionally, playback manipulations allowed me to test if perceived predation risk 
effects on prey fecundity and offspring survival during the nesting period were replicable  
in the field by integrating past data (i.e. Zanette et al. 2011) and testing for the 
repeatability of results across different cohorts of female sparrows. Ultimately, looking at 
predation risk effects within the nest and expanding the study to juvenile survival post-
fledge allows for a more comprehensive accounting of predator fear effects on prey 
offspring production (i.e. fecundity, in-nest survival, post-fledge survival).  Enhancing the 
ability to estimate the cumulative cost of fear on offspring production up to the timing of 
juvenile independence from parents may better inform conservation and management 
agencies for making decisions concerned with predator-prey ecology. 
14 
 
 
1.8.2 Chapter 3: Assessing predation risk effects on recruitment, 
adult survival, and population growth rates 
In Chapter 3 I assess if predation risk conditions in the previous breeding season would 
influence juvenile survival to recruitment and adult survival.  To answer this question I 
surveyed study sites for new recruits and adults that came from 3 cohorts of juveniles and 
adults (i.e. breeding/study years) that were exposed to either a perceived high predation 
risk playback (predator treatment) or low predation risk playback environment (non-
predator treatment) during the previous breeding season.  I also tested if any potential sex 
bias/skew existed in the recruits found as adults based upon the playback treatment 
recruits experienced as young offspring (i.e. compare sex ratio in predator vs. non-
predator treatment).  I further investigated if factors within the nest (e.g. nestling 
condition) or other environmental factors (e.g. weather) served as better covariates for 
estimating juvenile survival to adult recruitment (Naef-Daenzer and Grüebler 2016).   
 The last goal of Chapter 3 was to integrate all the components of fear effects on 
song sparrow life-history stages (i.e. eggs laid [fecundity], egg survival, nestling survival, 
juvenile survival to recruitment, and adult survival) into Leslie Matrix models to estimate 
the net effect of fear on prey population growth rates.  Furthermore, Leslie Matrices were 
investigated using sensitivity analyses to help determine which particular demographic 
parameters held the most sway in affecting population growth rates. 
 
1.8.3 Chapter 4: Assessing predation risk effects on juvenile 
movement  
In chapter 4 I assess how the perceived risk of predation affects juvenile song sparrow  
movement behaviour (e.g. home range size) when juveniles are either dependent upon or 
independent from parental provisioning.  Juveniles were monitored every two days to 
determine their home range sizes and movement patterns for comparisons between 
playback treatments.  While juvenile song sparrows were still dependent on parents for 
15 
 
food, I tested if parents spatially separated their offspring from each other as a potential 
anti-predator behaviour to reduce the risk of losing multiple offspring from a single 
predator attack (Naef-Daenzer and Grüebler 2008, van Overveld et al. 2011). 
 In Chapter 4 I also assessed how movement patterns exhibited by juveniles 
influenced their survival.  I examined if recently fledged juvenile mobility could help 
explain the heightened mortality of juveniles in my predator treatment observed in 
Chapter 2. I also examined if juvenile movements post-independence from parents was 
predictive of juvenile survival.  I predicted that juveniles reared in a high predation risk 
environment may be more likely to leave their natal site at younger ages post-
independence from parents in an attempt to leave areas of high predation risk quickly.  
Moreover, I tested if movement into an new, unfamiliar area influenced juvenile survival 
as was found in ruffed grouse (Bonasa umbellus) by Yoder et al. (2004) and examined  if 
independent juvenile movements into an unfamiliar site interacted with predation risk 
manipulations.   
 Lastly, I assessed if juveniles reared in a high perceived predation risk 
environment altered their natal dispersal patterns compared to my controls.  I examined 
dispersal between playback treatments to help verify that potential differences in recruit 
survival found in Chapter 3 was not driven by differences in dispersal patterns (i.e. 
potential emigration).   I predicted that juveniles reared in a high predation risk 
environment would disperse to areas that were greater distances from their natal site, 
emulating what has been observed in migratory adults returning to the breeding sites 
(Fontaine and Martin 2006, Forsman and Martin 2009, Emmering and Schmidt 2011) 
 
1.8.4 Summary 
Finally, in Chapter 5 I review my findings and discuss how my data advance our 
understanding of predation risk effects in predator-prey ecology, and offer directions for 
future studies.  By examining predation risk effects across all life-history stages of a 
population, my thesis broadens our understanding of fear effects in population ecology, 
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and provides information that could aid future conservation and management decisions 
pertaining to predator-prey ecology.  
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Chapter 2  
2 Assessing predation risk effects on offspring production 
and juvenile survival 
2.1 Introduction 
Studies attempting to measure the effect of predators on prey populations have 
traditionally focused on kill rates alone.  However, the fear that predators instill in prey 
has been suggested to have an equal or even greater effect on prey populations than just 
the lone act of predators killing prey (reviewed in Lima 1998, Preisser et al. 2005, Creel 
and Christianson 2008, Preisser and Bolnick 2008).  The mere presence of predators in 
the environment may induce costly anti-predator responses in prey to minimize their risk 
of being captured and eaten.  Anti-predator responses often are classified as being 
morphological (e.g. change in body structure/size), physiological (e.g. increased stress 
hormones in blood circulation for fight or flight response), or behavioural.  For example, 
when prey perceive an increased risk of predation they often increase their vigilance 
behaviour to aid earlier detection and responses to predation threats (reviewed in Lima 
and Dill 1990, Creel and Christianson 2008).  However, increased vigilance comes with 
the trade-off of reduced foraging, which can lower an individual's physical condition 
(reviewed in Lima and Dill 1990, Creel and Christianson 2008).  Being in poorer 
condition can reduce prey reproductive output because an individual's fecundity (i.e. 
gamete/propagule production) is often dependent upon their current physical condition 
(Creel et al. 2007, Sheriff et al. 2009, Travers et al. 2010, Monclús et al. 2011, Zanette et 
al. 2011).  Additionally, reductions in physical condition may make individuals more 
vulnerable to other sources of mortality at later time periods, such as starvation (Lima 
1998, Creel and Christianson 2008).  Overall, through the induction of costly anti-
predator responses predators have a second mechanism to affect prey populations (Lima 
1998, Preisser et al. 2005, Creel and Christianson 2008, Preisser and Bolnick 2008, 
Zanette and Clinchy 2017).     
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 Experimental studies that assess the cost of fear on prey populations are largely 
limited to studies in aquatic systems and invertebrate prey species (reviewed in Preisser et 
al. 2005, Preisser and Bolnick 2008).  However, seven recent studies have found that anti-
predator responses can incur substantial costs in terrestrial vertebrate systems (Eggers et 
al. 2006, Fontaine and Martin 2006, Sheriff et al. 2009, Monclús et al. 2011, Zanette et al. 
2011, Hua et al. 2014, LaManna and Martin 2016), suggesting that predation risk-induced 
costs to prey populations might be a common occurrence in predator-prey ecology.  
Despite the growing body of evidence for predation risk effects in terrestrial vertebrate 
systems, most studies have focused on assessing fear effects on prey fecundity alone, 
while to my knowledge only two experimental studies have looked at prey survival with 
free-living animals (i.e. nestling survival; Zanette et al. 2011, LaManna and Martin 2016).  
 The fear of predators may not only reduce prey reproductive output by lowering 
prey fecundity, but may also negatively affect offspring survival through predation risk-
induced reductions in parental care in vertebrate systems (Zanette et al. 2011).  Parents 
may reduce feeding rates to offspring (Zanette et al. 2011) because of their poorer 
foraging efficiency in high predation risk environments (Zanette et al. 2013), since they 
are potentially trading-off foraging with vigilance, presumably to maximize their own 
survival (Lima 1998, Preisser et al. 2005, Creel and Christianson 2008).  Parents also may 
feed offspring at lower rates in response to a high predation risk environments to help 
keep the location of vulnerable offspring inconspicuous to predators (e.g. immobile 
nestlings; Zanette et al. 2011, Hua et al. 2014, LaManna and Martin 2016).  For example, 
when song sparrow parents had their perceived risk of predation experimentally elevated, 
parents fed nestlings at lower rates and had more nestlings die in the nest (Zanette et al. 
2011).   
 Predation risk-induced reductions in female fecundity and young offspring (i.e. 
eggs and nestlings) survival has been found to cause scared female prey to produce 38 % 
fewer offspring (Zanette et al. 2011).  Yet, this negative effect on 'birth rate' likely 
underestimates the total effect that predation risk has on prey populations because the 
costs of fear also may reduce the survival of offspring after they have left the nest.  Thus, 
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my objective was to determine if reproductive output is decreased further during the next 
life-history stage of offspring, that being the juvenile period.   
 Predators represent a high source of juvenile mortality (Smith et al. 1997, 
Panzacchi et al. 2009, Cox et al. 2014, Naef-Daenzer  and Grüebler 2016), but there exists 
a large gap in the literature in assessing predation risk effects on juvenile survival 
(reviewed in Salo et al 2010, Pettorelli et al. 2011, Cox et al. 2014, Naef-Daenzer  and 
Grüebler 2016).   Little is known about survival in most wildlife species, let alone 
juvenile survival, because it is logistically challenging to know if an individual is dead or 
alive; individuals must be uniquely marked and monitored regularly for long periods of 
time (Naef-Daenzer  and Grüebler 2016).  Of the limited experimental studies assessing 
predator effects on juveniles, most of these studies have not actually assessed juvenile 
survival but instead counted juvenile densities in predator removal experiments (reviewed 
in Salo et al. 2010).  Moreover, most  predator removal experiments do not assess 
juvenile numbers, let alone survival, but use statistical models or simulations to assess the 
effects of predator removal manipulations on juvenile counts and survival (e.g. Pieron et 
al. 2013, Connor et al. 2016).  To date, no experiment has assessed how the perceived risk 
of predation affects juvenile survival (reviewed in Cox et al. 2014, Naef-Daenzer  and 
Grüebler 2016). 
 Juveniles reared in high predation risk environments are anticipated to have 
poorer survival compared to juveniles reared in a low predation risk environments.  Fear 
effects on parental care to dependent offspring are predicted to have large effects on prey 
reproduction, as demonstrated by a recent logistic regression model projecting that fear-
induced reductions in parental care may lead to a 53 % reduction in offspring production 
to the timing of juvenile independence from parents (Dudeck et al. 2018).  Juvenile 
survival may not only be reduced because of poorer parental care during the juvenile 
period, but may be a consequence of earlier rearing conditions.  Whereby, conditions 
offspring were exposed to during earlier development may persist over time and not take 
their toll on survival until the juvenile period.  For example, parents exposed to predator 
playbacks reared lighter nestlings (Zanette et al. 2011) that may be more likely to die after 
they leave the nest (i.e. post-fledge), because nestling weight has been found to be 
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positively correlated with juvenile survival (Naef-Daenzer  et al. 2001, Cox et al. 2014, 
Naef-Daenzer  and Grüebler 2016).  Moreover, predation risk effects on juvenile quality 
could persist and affect the survival and quality of these 'stressed' individuals at older 
ages, requiring the prolonged observation of juveniles to assess the predation risk effects 
on juveniles (Sheriff et al. 2009). 
 The primary purpose of this study was to examine how the perceived risk of 
predation would influence juveniles, through effects on their behaviour, physical 
condition, and ultimately, their survival.  The perceived risk of predation was 
manipulated using auditory playbacks and then using radio telemetry to follow the fate of 
juveniles (reviewed in Salo et al. 2010, Cox et al. 2014, Naef-Daenzer  and Grüebler 
2016).  Not only was exposure to a perceived high predation risk environment tested, but 
also the timing of offspring exposure to an increased perceived risk of predation was 
explored for effects on juvenile behaviour, condition, and survival.  The effects of 
playback manipulations performed throughout offsprings' development (i.e. egg-laying to 
juvenile independence; study years 2010 and 2013) was compared to when playbacks 
were limited to only during the brood-rearing period (i.e. nestlings; study year 2014) to 
determine if elevated predation risk during a short, but a critical developmental period 
could have similar consequences to prolonged periods of high predation risk  (Reid et al 
2005, Zanette et al. 2006a,b). 
 In addition to testing for predation risk effects on juvenile survival, my 
experimental manipulations allowed me to determine the net effect of predation risk on 
prey offspring production and survival until the age of juvenile independence for the first 
time.  Predation risk manipulation effects on female reproduction within the nest are 
reported to help quantify the net effect of fear on offspring production, but also to 
demonstrate the repeatability of predation risk effects on reproductive output from the 
nest (i.e. compare results to Zanette et al. 2011).  By looking at predation risk effects 
within the nest and expanding on these results with juvenile survival I could tally fear 
effects on prey offspring production from the start of reproduction (i.e. clutch 
size/fecundity) to juvenile independence from parental care.  Quantifying predation risk 
effects on prey reproduction from egg laying to juvenile independence may aid current 
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and future conservation and management decisions pertaining to removal/control or re-
introduction of wildlife, regardless of a species hierarchy (e.g. predator or prey) within an 
ecosystem's food-web. 
 
2.2 Methods 
2.2.1 Study area and species 
I monitored the nesting success of wild song sparrows throughout March to July in 2010, 
2013 and 2014.  Breeding pairs were found among several small (< 200 ha) Gulf Islands, 
in British Columbia, Canada.  Refer to section 1.6 for further details on study sites and 
species.  Briefly, female song sparrows among the Gulf Islands lay first clutches in early-
to-mid April.  Most females will only attempt two nesting attempts per breeding season 
when they are not forced to re-nest early because of the premature loss of a clutch or 
brood (e.g. predator eating nest contents), but occasionally some females will attempt a 
third nest under these conditions (Zanette et al. 2006 a, b). After offspring leave the nest 
(i.e. fledge), song sparrow parents continue to provide food provisioning to offspring for 
another 2-3 weeks.  After this 2-3 week  period post-fledging, juveniles are cut-off from 
parental care and must become self-reliant for food acquisition (Dybala et al. 2013). 
 
2.2.2 Experimental design 
The primary focus of this study was to assess if and how much the perceived risk of 
predation lowered reproductive output, offspring condition and survival to juvenile 
independence from parental care between breeding song sparrow pairs exposed to a 
perceived high or low predation risk playback treatment (i.e. predator vs. non-predator 
playback treatments; refer to Appendix 2 for a list of the call and sounds sparrows were 
exposed to).  However, I also assessed how the timing of offspring's exposure to a 
perceived increase in predation risk affected juvenile behaviour, condition, and survival.  
I examined how playback manipulations affected juveniles when predation risk was 
elevated throughout early offspring development and post-fledging (i.e. during the entire 
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breeding season; e.g. study years 2010 [Zanette et al. 2011] and 2013).  Then I tested for 
predation risk effects on juveniles when playback manipulations only occurred during a 
critical, but short development time period, during the brood-rearing period (usually lasts 
for 10 days; Zanette et al. 2006a,b, Dybala et al. 2013) in 2014.  For this study I analyzed 
reproductive output and survival data collected from the first two nesting attempts of any 
given year because most females (97 %) that suffered no nest predation only attempted 
two nests over an entire breeding season each year.   
 Since the number of predators at study sites was not manipulated, I verified that 
there was no difference in the incidence of naturally occurring predators between study 
sites in any given study year.  Fixed 100 m transects were walked every eighth day to 
quantify the frequency of predator detection (i.e. seen and/or heard) and number of 
predators detected at study sites (following Zanette et al. 2011).  Study sites did not differ 
in either the frequency of detecting a predator (χ
2 
= 0.32, df = 1, p = 0.574) or number of 
predators detected when predators were seen or heard along a transect (ANOVA: F1,53 = 
0.082, p = 0.583; non-predator = 1.21 ± 0.10 number of predators counted on transects 
per study site; predator = 1.28 ± 0.09 number of predators counted on transects per study 
site; mean ± SE;).  Similarly, when using incidental observations taken while performing 
tasks within study sites (e.g. nest searching) I still found no difference in the frequency or 
quantity of predators detected among playback treatment study sites (p-values > 0.193).  
Also, Zanette et al. (2011) previously established that nest predation rates did not differ 
between playback treatment study sites based upon previous years of nest monitoring. 
 
2.2.3 Experimental manipulations for study years 2010 and 2013 - 
Predation risk increased throughout the breeding season 
I manipulated the perceived risk of predation of breeding pairs of song sparrows at 
multiple study sites (Appendix 1) throughout the entire breeding season in 2010 and 
2013.  Predation risk manipulation began on March 15th (i.e. before any nesting began) 
and ended July 10th, after the final nest within the experiment fledged in 2013, replicating 
the playback manipulation treatments and durations used by Zanette et al. (2011) in 2010.  
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Some breeding pairs had their perceived risk of predation increased by exposing them to 
playbacks of predator calls and sounds (hereafter referred to as predator treatment).  
Meanwhile, other sparrow breeding pairs were exposed to playbacks of non-predator 
species calls and sounds to act as a low perceived predation risk environment (hereafter 
referred to as non-predator treatment).  Playbacks were broadcast within a study site for 4 
days, and then were turned off and removed for 4 days, with this cycle repeating 
throughout the breeding season to avoid habituation (following Zanette et al. 2011).   
 Playback units were initially placed randomly within breeding territories 
(following Zanette et al. 2011), until the nest was found.  After finding a female's nest 
playback units were placed 10 m away, facing towards the nest, continuing with the 4-
day-ON, 4-day-OFF playback cycle.  Playbacks broadcasted around a nest site at a fixed 
volume of 80 dB measured 1 m away from playback speakers (LaManna and Martin 
2016). To further help avoid habituation to treatments the location of playback units were 
rotated around each female's nest every 2nd day of broadcasting, according to a 
predetermined stratified random sampling list of the four cardinal directions (Appendix 
3).  Each playback rotation pattern used on any nest in the predator treatment was 
matched to a similarly aged nest within the non-predator treatment to avoid any treatment 
bias. 
 
2.2.4 Experimental manipulations for study year 2014 - Predation 
risk increased only during the brood-rearing period 
I manipulated the perceived risk of predation by broadcasting calls and sounds of predator 
or non-predator species in each respective treatment, except I did not begin broadcasting 
playbacks until the clutch had hatched (i.e. start of brood-rearing period) at any given nest  
in 2014.  I rotated playback units around a nest based upon a predetermined stratified 
random sampling list of the four cardinal directions (Appendix 3).  However, in 2014, 
playback units were placed in a new cardinal direction around a nest every 2-3 days 
compared to rotation patterns performed in 2013 (section 2.2.3).  In 2014, playback units 
would broadcast around a nest from hatch day until the nest age of 5 days post-hatch.  
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Playbacks would resume when broods were at the brood age of 7 days post-hatch, and 
continued to broadcast around the nest until nestlings began to leave the nest.  Restricting 
playback manipulations to only the brood rearing period was done to determine if 
increasing the perceived risk of predation during a short but critical period of  offspring 
development would affect juvenile development and survival differently than when 
playbacks were done throughout the breeding season (e.g. 2013).  
 
2.2.5 Quantifying predation risk effects on reproductive output and 
offspring condition during the nesting period 
Song sparrow nests were located using behavioural cues from females (Zanette et al. 
2006b) and monitored to track offspring production and survival.  Each nesting attempt 
was monitored from egg laying or incubation until fledging.  Nests were visited every 
second day by field personnel and video surveillance was used to confirm the fate of all 
offspring within the nest (following Zanette et al. 2011).  After a clutch was verified to be 
completed each individual egg was weighed using a digital Pesola scale (+ 0.01 g).  The 
incubation age of eggs when weighed was confirmed upon the date eggs hatched (Zanette 
et al. 2006a,b).  Song sparrow nests were protected from nest predators by draping seine 
netting (Muketsu 210/52 x 3-5/8" x 100 MD; Pacific Net and Twine Ltd., Vancouver, 
BC) over nests (i.e. prohibit large avian predators access to nests), along with encircling 
an area around each nest with electric fencing (i.e. prohibit medium-sized mammals 
access to nest, e.g. raccoons), when possible (following Zanette et al. 2011).  When 
broods reached the age of 8 days post-hatch nestlings may begin to leave the nest (Zanette 
et al. 2006 a,b).  Thus, nests were visited daily from 8 days post-hatch and onward to 
accurately determine the age of fledging.  From the nest monitoring procedures I knew 
that no egg or nestling that died within the nest was killed by a predator attack; confirmed 
with video surveillance and the collection of undamaged eggs or carcasses.  Thus, any 
mortality within the nest could be attributed to my playback manipulations and 
represented the cost of fear on reproduction within the nest (Zanette et al. 2011, Hua et al. 
2014, LaManna and Martin 2016).  I determined the in-nest fate of all the offspring from 
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139 nests (68 non-predator and 71 predator treatment) that were examined in 2010 
(Zanette et al. 2011), 2013 and 2014. 
 The condition of song sparrow offspring during the brood-rearing period was 
assessed by taking physical measurements of nestlings at a brood age of 6 days post-hatch 
(Appendix 4).  Nestlings were weighed using a digital Pesola scale to 0.01 g (Appendix 
4A).  Nestlings were measured for structural size by measuring the length of their tarsus 
and wing chord on their right-side using calipers (Appendix 4B) or a wing ruler ( + 0.5 
mm; Appendix 4C), respectively (Jongsomjit et al. 2007).  Nestlings also were scored for 
both their furculum fat (scored 0 to 7) and abdominal fat stores (scored 0 to 3) (following 
Travers et al. 2010) to further assess physical condition and help indicate starvation 
levels.  Nestling fat scores helped indicate nestling condition because heavier nestlings 
tended to be individuals with greater fat stores (Spearman rank correlation: rs = 0.35, p > 
0.001), as one might expect.   To further evaluate nestling hunger levels, nestling feeding 
behaviour was examined by measuring the number of banding spoon filled scoops of 
supplemental egg biscuit that nestlings would accept from me, using a 0 to 3 scale (0 = no 
food, 1= 1 scoop, 2= 2 scoops, 3= 3 scoops).  This crude measure of nestling hunger was 
assessed using data only from 2013 and 2014 because this data was not collected in the 
study year 2010 (i.e. Zanette et al. [2011] data set).  Lastly, each nestling was given a 
unique leg-band colour combination to subsequently identify individuals at later dates.  
  
2.2.6 Assessing predation risk effects on juvenile survival 
To compare juvenile survival rates between predator playback treatments I radio-tagged 
151 song sparrows as nestlings or juveniles in two study years (2013 and 2014) and 
monitored each individual every two days until their death, premature loss of transmitter 
signal, or the end of the study monitoring period (August 31).  Radio transmitters were 
placed on song sparrow nestlings like a backpack, using a Rappole and Tipton (1991) leg 
harness design made from elastic thread glued (Krazy Glue, Ohio, USA) to the 
transmitter.  Transmitter weights were always lower than 3% of the body weight of any 
nestling harnessed with a radio-tag (following Dybala et al. 2013).  Transmitters weighed 
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0.3 g (A2414, Advanced Telemetry Systems, Minnesota, USA) or 0.35 g (Picopip Ag317, 
Biotrack, Dorset, UK) and were attached onto nestlings aged 6 days post-hatch in 2013 
and 2014, respectively.  One to two nestlings per brood were equipped with a radio 
transmitter depending upon transmitter availability, along with maintaining a similar 
number of juveniles being tracked from both playback treatments.  A total of 131 
nestlings were radio-tagged in the nest, with a total of 63 versus 68 individuals from the 
predator and non-predator treatment, respectively. Another 20 individuals were first 
radio-tagged as juveniles, as they were opportunistically captured when attempting to 
catch radio-tagged individuals for measurements (see section 2.2.8 for details). There was 
no treatment bias for radio-tagging individuals for the first time post-fledge between the 
predator (n = 6) and non-predator (n = 14) treatment (χ
2 
= 2.29, df = 1, p = 0.130).  
Moreover, sensitivity analyses performed on juvenile survival models, revealed that the 
interpretation of results was maintained regardless of the inclusion or exclusion of these 
20 individuals (comparing top two lines in Appendix 5); thus they were included in the 
reported results. 
 To avoid biasing juvenile survival results between treatments because of 
inadvertently radio-tagging individuals of lower quality within a brood in one treatment 
compared to the other, I ranked individuals within a brood by body mass and used a 
random stratified sampling procedure to select which nestlings would be radio-tagged.  
This random stratified sampling procedure followed a 1, 2, 3 and repeat design for 
nestling weight ranking within a brood (Ranking order: 1= heaviest nestling, 2 = second 
heaviest nestling, etc...).  For example, in the predator playback treatment the heaviest 
nestling within brood 1 would be tagged, brood 2 the second heaviest nestling within that 
brood was tagged, brood 3 the third heaviest nestling would be tagged; this selection 
process would then repeat itself indefinitely for broods in the predator treatment.  This 
same selection process was matched and performed on similarly aged and sized broods in 
the non-predator treatment.  Nestling weight ranks did not differ between playback 
treatments for individuals that were equipped with a radio transmitters when looking at 
nestlings (t1,129 = 0.846, p = 0.399, mean nestling rank + SE, Predator = 1.65 + 0.09, Non-
predator = 1.76 + 0.10) or when including the 20 individuals added to the sample post-
32 
 
fledging (t1,149= 0.698, p= 0.486, mean nestling rank + SE, Predator = 1.72 + 0.09 , Non-
predator = 1.82 + 0.10).   
 To measure juvenile survival between the two playback treatments radio telemetry 
was used to locate each radio-tagged individual every second day until the end of the 
study monitoring period (Aug. 31 in both 2013 and 2014).  Individuals were found using 
either a Telonics TR-4 receiver (Telonics Inc., Mesa, AZ, USA) or Biotracker receiver 
(Lotek Wireless Inc., Newmarket, ON, Canada) using a hand-held H-antenna or Yagi 
antenna.  Individuals were confirmed to be dead or alive during each tracking period by 
re-sighting the unique leg-band colour combination or finding the remains of individuals. 
The oldest surviving individuals that fledged from a female's first nest attempt of a season 
were monitored until the age of 115 days post-fledge.  Meanwhile, individuals that 
fledged from the second nest attempts of the season could be monitored only to ages 
ranging from 49 to 85 days post-fledge.  These ages reflect the potential length of time 
juveniles were monitored until the end of our monitoring period (end of August).  
 I determined the fate of each radio-tagged juvenile with as much certainty as 
possible.  Over the course of the juvenile monitoring period a total of 53 individuals were 
confirmed to be dead, along with 6 additional suspected deaths.  Individuals were 
confirmed to be dead by recovery of their radio-tag, body or body parts.  When a 
juvenile's body, radio-harness or transmitter were found to be cut or chewed they were 
classified as being killed by a predator (following Whittaker and Marzluff 2009).  
Comparatively, an individual's death was classified as a result of starvation when a 
juvenile's carcass was found to be uninjured and had no visible fat stores on its body (i.e. 
fat scores of 0 for both furculum and abdominal fat measures) suggesting that the 
individual starved to death.  It should be noted that in some instances when an individual 
was classified as being killed by a predator they could have starved to death and then 
been scavenged post-mortem.  Moreover, predation events likely are not independent of 
starvation, as one might expect starving juveniles to have a reduced ability to evade a 
predator.   
 Of the suspected 6 deaths, radio transmitters were located without any carcass or 
body parts found around the transmitter, but these instances were still classified as deaths.  
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In half of the 6 suspected deaths there was strong evidence to suggest that these 
individuals were killed by a predator.  For 2 of these suspected deaths, the radios and 
harnesses were found with extensive damage suggesting they had been chewed 
(Appendix 6).  In another instance, the radio-tag was moved beyond the juvenile's natal 
territory at 2 days old post-fledge, a feat not observed in any other juvenile tracked 
(Appendix 6).  Additionally, this juvenile's radio was stuck approximately 10 m high in a 
tree, a feat of flying never observed with any recently fledged, flightless juveniles 
monitored in this study, which suggests it was carried there by a raptor (Whittaker and 
Marzluff 2009). 
 For the other 3 suspected deaths, evidence suggests that these individuals died.  
Radios from 3 older independent juveniles had their radio found on the ground 11 to 21 
days after they last were radio-tagged (Appendix 6).  The fact that these independent 
juveniles' radios were found on the ground >11 days after being re-tagged suggests that it 
is unlikely that their radio-tags fell off because all confirmed radio slips (n = 9) happened 
within 1-4 days after an individual was last radio-tagged.  It should be noted that all nine 
individuals that had their radio harness fall off were not only re-sighted alive, but were 
captured and re-tagged.   
 Because these 6 suspected mortalities could not be confirmed unequivocally, I 
tested if categorization of these individuals' fates as either dead or censored affected 
juvenile survival results.  Classifying an individual as dead would cause a reduction in the 
survival curves generated from the survival analysis (Tsai et al. 1999, Whittaker and 
Marzluff 2009).  Comparatively, if an individual's fate was censored, they would be right 
censored, and would therefore no longer influence survival curves at the age at which 
they were censored and not lower survival at that time step either (Tsai et al. 1999, 
Whittaker and Marzluff 2009).  The classification of these 6 individuals as right censored 
or dead did not affect the interpretation of juvenile survival analysis results, since a 
playback treatment effect was maintained regardless of these individuals' fate 
classification (Appendix 5).  Because juvenile survival results were not altered by either 
classification (i.e. dead or censored) of these 6 suspected mortalities, I classified these 6 
juvenile fates as deaths for the survival analyses presented later on. 
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 Like most radio telemetry studies (Tsai et al. 1999, Whittaker and Marzluff 2009) 
I was unable to determine the fate of every individual at the end of the study with 
absolute certainty (n= 32).  Reasons for being unable to determine the fate of individuals 
ranged from individuals leaving the study area (2 confirmed cases of individuals moving 
over to Salt Spring Island from Russell Island; Appendix 1), radio antenna snapping off 
(1 confirmed case), damage to radio transmitter, radio-tags malfunctioning, or battery life 
expiring earlier than anticipated.  Some radio-tags malfunctioned or ceased transmitting 
early in the field, as was confirmed by visually observing some individuals (n= 13) with 
an antenna still protruding from their tail feathers, but with no signal transmitting.  For all 
juveniles whose fate could not be confirmed as dead or alive they were right censored at 
the time they were last observed alive (Tsai et al. 1999, Whittaker and Marzluff 2009).  
  
2.2.7 Assessing predation risk effects on the timing of juvenile 
independence from parental care and development of flight 
After relocating juveniles and determining they were still alive, a 10 min behavioural 
observation period was conducted to assess if a juvenile was still being fed by parents.  
Determining the age at which juveniles were cut-off from parental provisioning was 
important because this time period has been associated within high juvenile mortality in 
song sparrows (Dyabala et al. 2013) and other songbird species (reviewed in Cox et al. 
2014).  An individual was not classified as independent from parental care until they were 
observed not being fed a minimum of two observation periods after the estimated date of 
independence.  This criterion was used to avoid classifying a bird as independent who 
then was found dead in the next visit, making it uncertain if they truly were independent 
from their parents.  To control for parental effects on the timing of independence I 
considered the highest age that siblings from the same nest were last observed being fed 
by parents as the age of independence for both juveniles.   
 During the 10 min observational periods each radio-tracked bird had their flight 
ability scored to assess how flight changed over time.  Flight ability was scored using a 0 
to 2 rank system.  A rank of 0 was given if a juvenile displayed no flight, could only run 
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or hop on the ground, and/or flutter/glide from branch to branch, but always in a 
downward direction.  A flying score of 1 was given if a juvenile displayed a limited 
ability to fly, meaning that the individual could fly upwards, but could not keep up and 
follow their parents.  Lastly, a flight score rank of 2 was given if a juvenile could fly like 
an adult, meaning they could keep pace and follow their parents around.  Overall, this 
flight scoring system was used to crudely ascertain the age at which juveniles gained the 
ability to fly (score = 1) and estimate the age at which juveniles 'perfected' flight (score = 
2), since the timing of gaining and mastering flight may influence survival (reviewed in 
Cox et al. 2014).  
 
2.2.8 Assessing predation risk effects on juvenile condition 
Juveniles were captured at various ages using different methods to assess the physical 
size and condition of juveniles as they aged.  Using hand nets, juveniles were captured on 
the day they left the nest (0 days post-fledge), or shortly thereafter, to assess their 
physical condition at the time of fledging.  The age at which fledglings were caught 
ranged from 0 to 5 days post-fledge, with a mean age of 0.8 days post-fledge, and median 
age of 1.0 days post-fledge.  Captured individuals were weighed using a hand-held Pesola 
scale (+ 0.5 g), structurally measured for wing chord and tarsus length on their right side, 
and had their fat scored (as previously described in section 2.2.5).  I could not measure 
hunger/begging post-fledging because juveniles would not accept any food from me.  
 Older juveniles with the ability to fly were recaptured to further assess their 
physical condition and to replace expiring radio transmitters as needed to continue 
monitoring.  To capture flying juveniles mist nets were set up and then field personnel 
strategically positioned themselves behind radio-tagged juveniles and walked towards 
targeted individuals to "flush" them towards the mist nets.  Juveniles within the ages of 8 
to 24 days post-fledge (mean age: 13.1 days post-fledge, median age: 13.0 days post-
fledge) were weighed and measured, while they were still dependent on parental feeding 
but could fly (flight score = 1 or 2).  Individuals were captured a third time as 
independent juveniles when they were no longer receiving any parental food provisioning 
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(Dybala et al. 2013).  Older, independent juveniles were captured within the ages of 28 to 
108 days post-fledge (mean age: 59.1 days post-fledge, median age: 45 day post-fledge).  
After measurements, dependent or independent juveniles were equipped with a heavier, 
longer lasting radio transmitter (0.65 g radio in 2013: A1025, Advanced Telemetry 
Systems, Minnesota, USA; 0.68 g radio in 2014: Picopip Ag317, Biotrack, Dorset, UK) 
to continue monitoring juveniles until August, 31 in both 2013 and 2014.  
 
2.3 Statistical analyses 
2.3.1 Analysis of predation risk effects on egg production and 
hatching success 
Female clutch size, clutch mass, average egg mass, and hatching success were compared 
between playback treatments using mixed-model ANOVA/ANCOVAs.  For all egg-
related comparisons I included the ordinal nest number (first or second) in which a clutch 
was measured for a given female for all analyses.  Study year (2010 or 2013) also was 
included as an independent variable in analyses to test if results were repeatable between 
years (i.e. no treatment by year interaction).  In addition to the previously listed fixed 
effects (i.e. treatment, nest, year), I also controlled for the random effects of female and 
study site identity for all mixed-model analyses.  All egg-related comparisons were 
performed with data collected in the years of 2010 and 2013 since playback 
manipulations began before egg laying and hatching.  Comparatively, in 2014 playback 
manipulations began post-hatch, prohibiting me from testing predation risk effects on egg 
production and hatching success in this study year.   
 For clutch size comparisons a mixed-model ANCOVA that corrected for the 
Julian lay date of clutches was used because females tend to layer smaller clutches in 
nests started later in the breeding season (i.e. second nests; Hochachka 1990, Travers et 
al. 2010).  For clutch mass and average egg mass comparisons I analyzed initial egg mass 
values (following Zanette et al. 2011).  Using a standard procedure validated for song 
sparrows (Arcese and Smith 1988) I calculated initial egg masses by correcting for the 
estimated 15% reduction in egg mass over the entire incubation period (Rahn and Ar 
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1974).  Unlike clutch size comparisons, average egg mass or total clutch mass were 
analyzed using mixed-model ANOVAs since both measures were not correlated with lay 
date.  Lastly, the hatching success per individual clutch was quantified as the proportion 
of eggs to hatch and analyzed using a mixed-model ANOVA (following Zanette et al. 
2011). 
 
2.3.2 Analysis of predation risk effects on nestling condition and 
survival 
To assess the physical condition of nestlings between playback treatments I compared 
nestling mass, tarsus length, wing chord length, and body fat scores sums (i.e. furculum 
and abdominal fat scores added together) using mixed-model ANCOVAs.  Additional 
independent variables included in nestling condition models were the ordinal nest number 
(first or second) in which a brood was measured for a given female and the study year in 
which a brood was measured (2010, 2013, or 2014).  All mixed-model analyses used for 
nestling comparisons also corrected for the random effects of female and study site 
identity.  For all nestling condition comparisons, each variable was analyzed as an 
average per brood to prevent pseudoreplication and control for potential in-nest effects 
among nest-mates (following Zanette et al. 2011).  For all nestling condition measures I 
used mixed-model ANCOVAs that corrected for the time of day that a brood was 
measured because nestling condition changes over the course of a day (Sogge et al. 1991, 
Pereyra and Morton 2009, Martin et al. 2011).  Only data from broods measured at the 
age of 6 days post-hatch were used for analysis to maintain a consistent age for nestling 
measurement comparisons. 
 In addition to comparing nestling condition between playback treatments, I also 
tested for differences in hunger levels within a brood.  Like the previous measures of 
nestling condition discussed, I compared the food scores averaged for the whole brood 
within each brood, to avoid pseudoreplication.  Time of day was not controlled for in 
food score comparisons because this measure was more reflective of nestling state (i.e. 
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not hungry to very hungry, 0-3 score), and was not related to the time of day a brood was 
measured (Spearman Rank correlation values: rs = 0.089, p= 0.382). 
 The survival of nestlings was compared using two statistical methods.  First, I 
assessed nestling survival using a Cox-proportional hazard (CPH) model to allow for 
comparisons with juvenile survival results.  For a description of the procedure used for 
the CPH model refer to the section 2.3.4.  The second method used to assess nestling 
survival was to compare the proportion of the brood to survive to fledging using a mixed-
model ANOVA (independent variables: Playback treatment [Predator or Non-predator], 
ordinal nest number (first or second), study year [2010, 2013, 2014]).  I report the results 
for both methods, but only graphically display the results from the second method, as the 
focus of this study was juvenile survival and not nestling survival, which has been 
previously demonstrated (Zanette et al. 2011). 
 
2.3.3 Analysis of predation risk effects on juvenile condition 
To assess the physical condition of juveniles between playback treatments I compared 
measurements of juveniles at different ages post-fledging.  All statistical analyses of 
juvenile size (mass, tarsus length, and wing chord length) and condition (fat score) 
emulate the methods previously described in section 2.3.2.  The difference between 
statistical methods for nestling and juvenile data is that for juvenile measures I did not use 
the average among nest-mates, instead each individual represented an independent data 
point in all analyses of juvenile condition.  Juvenile measurements were compared at 
three different age groupings of juveniles, those being: 1) at fledge (i.e. 0 to 5 day after 
fledging), 2) when juveniles could fly but were still dependent upon parents (i.e. between 
8 to 24 days old), and 3) post-independence from parents (i.e. older than 28 days, Dybala 
2013).  I performed individual mixed-model ANCOVAs for each variable (e.g. mass, fat 
score, etc...) per juvenile age group since sample sizes decreased among groupings with 
the natural loss of individuals over time, limiting the repeatability of measures.  
Additionally, repeated measures analyses were not conducted for juvenile measures 
because individuals were caught at a wide range of ages for measurements, especially 
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post-independence from parental care (i.e. 28-100 days post-fledge).  For each mixed-
model ANCOVA conducted for juvenile size and condition I controlled for the following 
covariates: age post-fledge captured and the time of day a juvenile was measured. 
 
2.3.4 Analysis of predation risk effects on juvenile survival 
To compare the survival of song sparrow juveniles between playback treatments I used 
Cox proportional hazard (CPH) models (following Yoder et al. 2004, Berkeley et al. 
2007, Whittaker and Marzluff 2009) that incorporated both left and right censoring of 
individuals.  Cox proportional hazard models included the following independent 
variables: playback treatment (Predator or Non-predator), ordinal nest number (first or 
second), and study year (2013 or 2014).  The CPH model used a staggered entry design 
(i.e. left-censoring) to prevent overestimating survival values generated from the 
inclusion of individuals (n= 20) that were initially radio-tagged outside of the nest 
(Pollock et al. 1989, Tsai et al. 1999).  Left-censored individuals only began to influence 
juvenile survival curves at the age post-fledge in which they began to be monitored with 
radio telemetry (Pollock et al. 1989, Tsai et al. 1999).  Juvenile survival analysis was 
limited to the maximum age of 49 day post-fledge, such that all individuals seen alive at 
ages < 49 days post-fledge were right-censored at day 49.  This time restriction was 
applied to ensure that no difference in juvenile monitoring duration between first and 
second nests would drive any potential nest effects (49 days was the shortest potential 
monitoring period for individuals from the second nest). 
 One of the assumptions of a CPH model is that the fate of each individual is 
independent, meaning that if one individual died this should have no effect on another 
individual.  However, I often tracked the fate of siblings (i.e. nest-mates or have the same 
parents) whose fates might be correlated, since they were exposed to similar parental care 
and environments.  To account for the potential non-independence of siblings, CPH 
models were expanded to include female/mother identity as a random effect/frailty term 
(Williams 1995, Therneau and Grambsch 2000, Rohm et al. 2007, Panzacchi et al. 2009).  
Inclusion of the categorical variable of female identity as a random effect within the CPH 
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model enabled the survival analysis to correlate the survival of siblings and give reliable 
results for interpretation.   
 The timing of juvenile death was examined to determine which time period(s) 
differentiated survival curves between playback treatments.  First, I compared the timing 
of mortality between playback treatments using the frequency of deaths during weekly 
intervals post-fledge using chi-square tests and conservative log-rank tests.  I also tested 
for a critical period of juvenile mortality within each playback treatment using a 
piecewise regression analysis, which can determine abrupt thresholds in data (Toms and 
Lesperance 2003, Toms and Villard 2015). Breakpoints represent threshold points in 
linear models, whereby the slope of lines connected at a breakpoint differ significantly 
from each other, creating the broken stick appearance of piecewise regression models 
(Toms and Lesperance 2003, Toms and Villard 2015).  I used piecewise 
regression/breakpoint analysis to estimate one breakpoint to signify the time interval of 
greatest juvenile mortality within a given playback treatment.    
 In addition to testing what time period(s) distinguished juvenile survival between 
treatments I also explored if juvenile deaths were directly influenced by playbacks units.  
If a juvenile is near predator playback units this may encourage parents to feed that 
individual less (Dudeck et al. 2018) and may lead to that individual's death via starvation.  
To test if playbacks were directly involved with an individual's death I noted if playbacks 
were being broadcast (i.e. ON or OFF) in the study site area when and where juveniles 
died in 2013.  This was not explored in 2014 because playbacks ceased being broadcast at 
fledging, but I did examine if breakpoints were similar in the predator treatment in both 
years (2013 and 2014) of juvenile monitoring.  Comparing predator treatment breakpoints 
between years was done to examine if playback exposures that happened throughout a 
breeding season (2013) or only during brood-rearing (2014) may have similar or different 
(e.g. delayed) times when juvenile mortality was the highest in predation risk treatments. 
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2.3.5 Linking predation risk effects on juvenile condition with 
survival 
To test if conditions experienced in the nest could have prolonged effects on juvenile 
survival I tested if the condition of juveniles at fledge was predictive of survival to later 
ages.  I only reported results testing how juvenile mass and not other structural measures 
(i.e. wing chord or tarsus length) influenced survival post-fledge because measures of 
body size (i.e. mass, tarsus and wing chord length) were highly correlated (R-values 
greater than 0.70) with each other and would thereby violate the assumption of 
multicollinearity for covariates (Rangel-Salazar et al. 2008, King et al. 2011).  Also, I 
focused on juvenile mass as a covariate with survival since mass has been repeatedly 
tested with juvenile survival in avian species (reviewed in Cox et al. 2014).  I tested if 
juvenile mass and fat scores were predictive of juvenile survival during the period that 
survival was lowered the most in the predator playback treatment identified from 
breakpoint analysis.  Additionally, I tested if juvenile mass and fat at fledge was 
predictive of survival to 21 and 49 days post-fledge, representing the timing of juvenile 
independence from parents (Dybala et al. 2013) and end of survival analysis, respectively.   
 To test if body mass and fat at fledging were predictive of survival post-fledge, I 
used both a CPH and logistic regression analyses.  I only report evidence from the CPH 
models as they allowed me to control for female identity within the models (i.e. 
potentially correlated survival data of siblings).  I did not test how measures of juvenile 
condition taken at older juvenile stages (i.e. dependent and independent stages) related to 
survival as this would remove most mortality events, since most juvenile deaths happened 
shortly after fledging. 
 
2.3.6 General statistical notes 
For all parametric comparisons I tested for assumptions of normality and homogeneity of 
variances.  Whenever these assumptions were not met, data were transformed using a 
Box-Cox procedure to satisfy the assumptions of normality and/or homogeneity of 
variance.  For all comparisons of fat scores (nestling and juveniles) I calculated the z-
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scores for both abdominal and furculum fat scores, and then added these values to get the 
fat score sum.  Abdominal and furculum fat scores were converted into z-scores because 
the scoring for each area used different scales (0 to 3 and 0 to 7, respectively). Using z-
scores removed the difference in scale between the two fat scores.   
 All mixed-model ANOVA/ANCOVAs included study site locations and parent 
identity (i.e. female ID) as random effects for all model comparisons. Study site and 
parent identity were included as random effect variables to statistically control for any 
potential effects of study sites or parent ID being the cause for differences between 
playback treatments.  Any statistical differences found between playback treatments were 
maintained regardless of the inclusion or exclusion of the random terms. 
 For survival analyses, all CPH models were verified to meet the assumption of 
proportional hazards for all independent variables (following Grambsch and Therneau 
1994).  For playback treatment comparisons of juvenile survival at selected time intervals 
I used Log-rank tests for each respective time period (e.g. weekly intervals).  
Additionally, the survival curve for each playback treatment was tested for a single 
breakpoint with piecewise regression/breakpoint analysis in R using the segmented 
function from the segmented package.  For any count or frequency comparisons between 
playback treatments I reported output from Chi-square tests.   
 Statistical analyses were conducted in Statistica 6.0 (StatSoft, Tulsa, Oklahoma, 
U.S.A.), R version 3.2.1 (R Foundation for Statistical Computing, Vienna, Austria. URL 
http://www.R-project.org), and SAS 9.4 (SAS Institute Inc., Cary, NC, USA).  For all 
tests alpha was set at 0.05 and I reported two-tailed results for all comparisons.  For the 
results I present only significant effects, along with discussing any near significant effects 
(i.e. 0.05 < p < 0.10).  Additionally, I focused on presenting playback treatment effects, or 
any interaction term that playback treatment had with female nest number or study year 
model parameters.  Any significant (i.e. p < 0.05) nest number and/or year effects were 
presented in Appendix 7.  All values are presented as means + standard error of 
untransformed data for ease of interpretation.  
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2.4 Results  
2.4.1 Predation risk effects on egg production and hatching 
success 
The perceived risk of predation affected female egg production through effects on both 
clutch size and egg mass.  Females exposed to predator playbacks prior to egg-laying laid 
10 % fewer eggs per clutch compared to females from the non-predator treatment (Fig. 
2.1A; mixed-model ANCOVA: F1,78 = 7.998, p = 0.006).  Even though females in the 
predator treatment laid fewer eggs, they laid eggs that were 8 % heavier on average (Fig. 
2.1B; mixed-model ANOVA: F1,79 = 11.683, p = 0.001) compared to females exposed to 
the non-predator playbacks.  Because females in the predator treatment laid fewer, but 
heavier eggs they still invested equally in clutches compared to non-predator playback 
females because clutch mass did not differ between playback treatments (Fig. 2.1C; 
mixed-model ANOVA: F1,79 = 0.304, p = 0.583).  Playback treatment effects on clutch 
size and egg mass were similar in both years (mixed-model ANCOVAs; all interaction p-
values > 0.293, for clutch size, clutch mass and average egg mass).  Overall, I 
demonstrated an experimentally replicable result of perceived predation risk on female 
egg production, even when predation risk experiments were conducted in different years 
(i.e. 2010, 2013) and with a different cohort of females. 
 
Figure 2-1. Effect of perceived predation risk on female song sparrow (Melospiza 
melodia) average investment in eggs per nest attempt in 2010 and 2013. (A) Average 
clutch size. (B) Average individual egg mass. (C) Clutch mass. Values are means + SE. 
Sample sizes are presented within the white boxes of each bar.  
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 In addition to producing smaller clutch sizes, females in the predator treatment 
had their reproductive output further reduced because a lower proportion of their eggs per 
clutch hatched.  Females exposed to predator playbacks during the incubation period (i.e. 
study years 2010, 2013) had 11% poorer hatching success (mixed-model ANOVA: F1,79 = 
5.206, p = 0.025) compared to females in the non-predator treatment (Fig. 2.2A).  
Regardless of female nest number or study year a consistent difference in hatching 
success was found between females from predator and non-predator playback treatments 
(mixed-model ANOVA: all interaction term p-values > 0.146).  When females were 
exposed to predator playbacks before egg laying and throughout a breeding season they 
laid smaller clutches (Fig. 2.1A) and had fewer eggs hatch (Fig. 2.2A), consequently in 
2010 and 2013, scared females started the nestling period with smaller brood sizes 
compared to females in the non-predator treatment (Fig. 2.2B; mixed-model ANOVA: 
F1,79 = 10.373, p = 0.002).  
  
 
Figure 2-2. Effect of perceived predation risk on female song sparrow (Melospiza 
melodia) hatching success (i.e. proportion of clutch to hatch) and brood size at hatch in 
2010 and 2013. (A) Hatching success. (B) Average brood size at hatch. Values are means 
+ SE. Sample sizes are presented within the white boxes of each bar. 
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2.4.2 Predation risk effects on nestling condition and survival 
Parents rearing offspring in a high perceived predation risk environment had reduced 
nestling survival (Fig. 2.3; Table 2.1), likely driven by reduced food provisioning.  
Broods reared in the predator playback treatment ate more food supplemented by me than 
controls (Fig. 2.3A; mixed-model ANOVA: F1,91 = 4.212, p = 0.043), suggesting that 
these broods were being fed less than broods in the non-predator treatment.  The idea that 
broods in the predator treatment were being fed less by parents also was supported by the 
fact that these broods had smaller fat scores (Fig. 2.3B; mixed-model ANCOVA: F1,126 = 
7.517, p = 0.007).  These results suggest scared parents fed offspring at reduced rates and 
most likely serves as the mechanism to explain the 21 % poorer nestling survival in the 
predator treatment compared to the non-predator treatment (Fig. 2.3C; mixed-model 
ANOVA: F1,127 = 9.157, p = 0.003; Table 2.1).  For all mixed-models used for comparing 
brood begging, fat score and brood failure, there was no significant interactions between 
playback treatment, nest number, or study year (all p-values > 0.158), suggesting a 
consistent effect of fear on nestling condition and survival throughout a breeding season 
(first vs. second nests) and among different years (2010, 2013, 2014).   
 
 
Figure 2-3. Effect of predation risk playback manipulations on song sparrow (Melospiza 
melodia) broods/nestlings hunger, condition and survival averaged from two nest 
attempts. (A) Average brood begging score at 6 days post-hatch. (B) Average brood fat 
score sums from furculum and abdominal fat scores at 6 days post-hatch. (C) Proportion 
of brood to fail from hatching to fledging. Values are means + SE. Sample sizes are 
presented within the white boxes of each bar. 
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 Upon further exploration of nestling survival, I found a significant parental effect 
(i.e. Female ID) on nestling survival (Table 2.1).  This result is not surprising given that 
the fate of nest-mates were often the same.  For example, some nests had the entire brood 
die in the nest via starvation, with a higher proportion of broods completely failing due to 
starvation in the predator treatment (10.95 %, n= 12/57)  compared to the non-predator 
treatment (2.19 %, 3/65)( χ
2
= 5. 92, df= 1, p= 0.015).   
 
Table 2-1. Summary of p-values for Cox-proportional hazard (CPH) frailty models for 
survival during the nestling period (i.e. from hatch to fledgling) and juvenile period (i.e. 
from fledging to 49 days post-fledging) for song sparrows (Melospiza melodia) 
controlling for the random effect of female/parent identification.  The p-values that are 
reported were for the overall CPH model (Wald test), along with the p-values for each 
individual parameter and interaction within the CPH frailty model.  Parameters tested 
within the model are playback treatment effects (Playback: Predator vs. Non-predator), 
female nest number within a single breeding season (Nest: Nest 1 vs. Nest 2), study year 
(Year: 2010, 2013, 2014), and the random effect of offspring's parents identification 
(Female ID). 
 
Nestling survival Juvenile survival 
Overall model (Wald test) <0.001 0.004 
Playback 0.003 0.006 
Nest 0.594 0.055 
Year 0.055 0.125 
Playback*Nest 0.940 0.548 
Playback*Year 0.366 0.580 
Nest*Year 0.018 0.008 
Playback*Nest*Year 0.358 0.242 
Female ID <0.001 0.098 
 
 On average, nestlings did not differ in size between playback treatments, but some 
evidence suggests that comparisons between playback treatments were likely influenced 
by nest number.  Nestlings did not differ in size when measured at 6 days post-hatch 
between playback treatments for average nestling mass (means + SE, Non-predator = 
15.56 + 0.25 g vs. Predator = 15.34 + 0.25 g), tarsus length (Non-predator = 19.50 + 0.19 
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mm vs. Predator = 19.09 + 0.19 mm), or wing chord length (Non-predator = 24.99 + 0.39 
mm vs. Predator = 24.54 + 0.38 mm) (mixed-model ANCOVAs: all p > 0.136).  
Although no main effect of playback treatment on nestling mass was found (p = 0.624), 
there was a significant playback treatment by nest number interaction term (mixed-model 
ANCOVA: F1,126 = 6.210, p = 0.014) whereby nestlings from a female's first nest were 
6% heavier on average in the non-predator treatment compared to the predator treatment, 
but this pattern was reversed and weakened to a 3 % difference in the second nest of a 
breeding season (Fig. 2.4).  No other significant or near significant interaction terms with 
playback treatment were found for nestling mass, tarsus length, or wing chord length 
(mixed-model ANCOVAs: all p > 0.120).   
 
 
Figure 2-4. Comparison of average nestling mass (g) within a brood between broods 
exposed to either non-predator (blue with white dots) or predator (red) playback treatment 
when reared in either the first or second nests of a breeding season of a female. Values are 
means + SE. Sample sizes are presented within the white boxes of each bar. 
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2.4.3 Predation risk effects on juvenile size and flight ability over 
time 
As expected, juveniles got bigger over time (Table 2.2), however no difference in size 
between juveniles from either playback treatment was found at fledging, and this lack of 
difference in size between treatments was generally maintained over time.  Juveniles had 
the same average mass in both playback treatments (i.e. main effect term) as recently 
fledged juveniles, as older dependent juveniles, and as independent juveniles (mixed-
model ANCOVAs: all p-values > 0.168, refer to Table 2.2 for mean values).  Similarly, 
tarsus length did not differ between playback treatments at different juvenile ages (mixed-
model ANCOVAs: all p-values > 0.184, refer to Table 2.2 for mean values).  For wing 
chord length, juveniles from either playback treatment did not differ in size as  recently 
fledged or as older dependent juveniles (mixed-model ANCOVAs: p-values > 0.290, 
refer to Table 2.2 for mean values), but older, independent juveniles from the non-
predator treatment had wings that were 4% longer compared to the predator treatment 
juveniles (F1,28 = 6.198, p = 0.019; Table 2.2).   
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Table 2-2. Comparison of physical size measurements of juveniles between non-predator 
and predator playback treatments at different ages/stages of song sparrow (Melospiza 
melodia) juvenile development.  Juvenile measurements were collected in 2013 and 2014.  
Measurements taken were of juvenile mass, right tarsus length, and right wing chord 
length.  Mean values + standard error of juvenile size measurements observed among the 
juvenile ages/stages of: juveniles recently fledged (ages : 0-5 days post-fledge), older 
juveniles still dependent on parental provisioning (8-24 days old post-fledge), juveniles 
measured post-independence from parents (28+ days old post-fledge).  Statistical values 
displayed are: degrees of freedom (df), F-values, and p-values for each treatment 
comparison.  
Juvenile 
measurement 
Juvenile 
age/stage 
Playback treatment: Statistics: 
Non-predator Predator df 
F-
value 
p-
value 
Mass Recently fledged 19.7 + 0.3 (64) 19.6 + 0.3 (54) 1,108 0.087 0.768 
 
Dependent 23.0 + 0.3 (53) 22.8 + 0.4 (40) 1,83 0.197 0.658 
 
Independent 24.5 + 0.6 (22) 23.2 + 0.6 (17) 1,29 1.999 0.168 
       
Tarsus length Recently fledged 22.8 + 0.1 22.6 + 0.1 1,108 1.788 0.184 
 
Dependent 23.0 + 0.3 22.8 + 0.4 1,83 0.052 0.82 
 
Independent 23.1 + 5.0 25.9 + 5.2 1,29 0.072 0.791 
       
Wing chord length Recently fledged 44.7 + 0.6 43.7 + 0.7 1,108 1.349 0.248 
 
Dependent 61.9 + 0.5 61.6 + 0.6 1,83 0.085 0.772 
  Independent 65.0 + 0.7 62.6 + 0.7 1,29 6.792 0.014 
Note: Sample sizes for the number of juveniles measured and compared between 
treatments are represented in brackets after mean + standard error values for each juvenile 
age group comparison.  Sample sizes were only displayed with mass values because the 
same sample sizes were used for tarsus and wing chord length comparisons between 
treatments.  
  
 The perceived risk of predation within the environment did not affect the age at 
which juveniles gained or mastered flight.  On average, juveniles from both playback 
treatments had limited flight (i.e. flight score = 1) within about 1 week after leaving the 
nest (Non-predator = 7.02 + 0.52 days post-fledge vs. Predator = 6.22 + 0.58 days post-
fledge; mixed-model ANOVA: F1, 87= 1.038, p= 0.311).  Juveniles in either playback 
treatment also did not differ in the average age at which they could fly as well as adults 
(i.e. Flight score = 2; Non-predator = 17.92 + 0.76 days post-fledge vs. Predator = 17.26 
+ 0.88 days post-fledge; mixed-model ANOVA: F1, 69= 0.317, p= 0.575).  There were no 
significant interactions between playback treatment and either study year (i.e. 2013 and 
50 
 
2014) or female nest number for both measures of flight ability/scoring (Flight score = 1 
or 2; mixed-model ANOVAs: all p-values > 0.235).   
 
2.4.4 Predation risk effects on juvenile condition and parental care 
over time 
Juveniles in the predator playback treatment were about 1 fat score leaner when they 
initially left the nest (Fig. 2.5A; mixed-model ANCOVA: F1, 107 = 6.381, p= 0.013), 
consistent with offspring in the predator treatment being fed less as nestlings (i.e. 
hungrier and leaner, Fig. 2.3A & B), and this poorer condition being maintained to 
fledging (Spearman rank correlation: rs = 0.23, p = 0.015).  However, post-fledging, 
parents were no longer restricted to feeding offspring at the same, vulnerable location (i.e. 
nest) because juveniles were mobile targets that could be moved around.  Thus, scared 
parents could arguably feed juveniles at similar rates as non-predator parents, especially 
in 2014 since playbacks were turned off after fledging.  However, juveniles in the 
predator treatment maintained a 1 fat score difference over time, as this fat score 
differential was still maintained when juveniles were still dependent upon parental 
provisioning and measured about 2 weeks post-fledge (Fig. 2.5B; mixed-model 
ANCOVA: F1, 82 = 7.160, p= 0.009).  Yet, even post-independence from parental care, 
juveniles in the predator treatment maintained a pattern of having lower fat scores (~1 fat 
score unit) than juveniles in the non-predator (Fig. 2.5C), however the sample sizes were 
notably smaller, and statistical significance was not maintained (mixed-model ANCOVA: 
F1, 28 = 1.747, p= 0.197).  The fact that juveniles maintained the pattern of having lower 
fat scores post-independence from parents suggests that differences in juvenile fat scores 
may not be driven by parental feeding rates, but may encompass other potential 
differences between playback treatments such as food quality (i.e. what parents fed 
juveniles and what they learned to eat) or physiology (i.e. less fat for improved mobility 
to escape predators). 
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Figure 2-5. Comparison of fat score sums (abdominal + furculum fat score) between 
juveniles reared in the non-predator (blue with white spots) or predator (red) playback 
treatments at different ages/stages of juvenile development.  Dashed lines separate 
analysis comparing playback treatments at different juvenile stages of: A) recently 
fledged (ages : 0-5 days post-fledge), B) older juveniles still  dependent on parents (8-24 
days old post-fledge), C) post-independence from parental food provisioning (28+ days 
old post-fledge).  Bars represent mean + SE.  Numbers presented in white boxes represent 
sample sizes for each bar. 
 
 Further evidence to suggest that parents did not feed juveniles less was how 
scared parents provided care for the same duration post-fledging. There was no difference 
at the age of independence from parents between juveniles reared in the non-predator 
(18.04 + 0.64 days post-fledge) or predator playback treatment (17.64 + 0.47 days post-
fledge; mixed-model ANOVA: F1, 57= 0.248, p= 0.620).  The overall range for the timing 
of juvenile independence from parental provisioning was similar in both the non-predator 
(12 to 24 days post-fledge) and predator (13 to 24 days post-fledge) playback treatments.  
52 
 
Interestingly, the timing of juvenile independence seemed to closely coincide with the age 
that juveniles developed the ability to fly well (i.e. 17-18 days post-fledge). 
 
2.4.5 Predation risk effects on juvenile survival 
Parents exposed to predator playbacks had poorer offspring production within the nest 
and also had further reductions in offspring production during the juvenile period (Fig. 
2.6).  The Cox-proportional hazard model determined that the playback treatment in 
which a juvenile song sparrow was reared predicted an individual's survival (Table 2.1, 
p= 0.006); juveniles reared in a high perceived predation risk environments had 26 % 
lower cumulative survival from the day they fledged to 49 days post-fledging compared 
to juveniles in the non-predator treatment (Fig. 2.6).  Overall, juveniles reared in the 
predator treatment had a 54.6 % greater risk of death (i.e. hazard ratio of 1.546), 
compared to individuals reared in low predation risk environment over the first 49 days 
post-fledge.  
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Figure 2-6. Kaplan-Meier survival curves for juvenile song sparrows (Melospiza 
melodia) exposed to either a non-predator (blue) or predator (red) playback treatment 
from when they fledged to 49 days post-fledge.  Survival curves are generated from the 
juvenile survival monitoring in 2013 and 2014.  Shaded regions represent the plus or 
minus standard error values of survival estimates over time for each respective playback 
treatment.  The cumulative survival probability at the juvenile age of 49 days post-fledge 
is (mean + SE) 62 + 6 % in the non-predator treatment compared to 46 + 6 % in the 
predator treatment.  The large dots represent the estimated breakpoints from breakpoint 
analysis for each respective treatment, non-predator (blue): 24 days post-fledge, predator 
(red): 3 days post-fledge. 
 
 The juvenile survival data suggests that song sparrow juveniles' exposure to 
predator playback treatments had a consistent effect on lowering juvenile survival even 
when predation risk was manipulated only during a short, but critical period of offspring 
development.  The lack of an interaction between playback treatment and female nest 
number (Table 2.1) suggests that fear effects on juvenile survival were maintained across 
a breeding season in both a female's first and second nests.  Moreover, the lack of an 
interaction between playback treatment and study year (Table 2.1) suggests juvenile 
survival is equally reduced in juveniles exposed to a perceived high predation risk 
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environment for weeks to months (i.e. 2013) compared to juveniles exposed to a 
perceived increased risk of predation only during the brood rearing period (i.e. 2014), 
which typically lasts only 10 to 12 days. Lastly, there was a much weaker influence of 
female parent identity on juvenile survival compared to nestling survival (Table 2.1), 
suggesting that the fates of siblings become more independent post-fledging. 
 More juveniles died from being reared in a high predation risk environment, but 
this difference in juvenile survival was mostly driven by deaths within the first week post-
fledge (Fig. 2.6, Table 2.3).  Juveniles from the predator treatment died at a greater 
frequency than juveniles from the non-predator treatment within the first week post-
fledge (χ
2 
= 8.71, df = 1, p = 0.003).  Similarly, when comparing the survival curves 
between playback treatments during the first week post-fledge, I again found that this 
time period drives the difference in juvenile survival between treatment groups (Log-rank 
test: χ
2
 = 7.26, df = 1,  p = 0.007).  Comparatively, no other individual weekly time period 
(week 2+, Table 2.3) demonstrated an observable difference between playback treatments 
in either the frequency or timing of mortalities (all χ
2
 p > 0.153, all Log-rank test p > 
0.255).  Even comparing survival from 7-49 days post-fledge combined yielded no 
difference in juvenile survival between playback treatments (Log-rank test p = 0.679).  
 
Table 2-3. Tallies of juvenile song sparrow (Melospiza melodia) mortalities within 
predator or non-predator playback treatments over time (week post-fledge), and the 
classification for the cause of death (predation or starvation event).   
Treatment Week Predation Starvation Subtotal per week 
Non-predator 1 3 3 6 
 
2 0 4 4 
 
3 3 3 6 
 
4 1 2 3 
 
5 1 1 2 
 
6 2 1 3 
 
7 0 0 0 
     Predator 1 14 3 17 
 
2 1 2 3 
 
3 2 5 7 
 
4 0 2 2 
 
5 1 2 3 
 
6 1 2 3 
 
7 0 0 0 
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 The first week post-fledge appears to be a critical time period for generating the 
difference in juvenile survival between playback treatments, but my piecewise regression 
analysis suggests it takes less than a week to generate this difference in juvenile survival 
between playback treatment cohorts (Fig. 2.6).  The sharpest decline in survival in the 
predator treatment occurred within the first three days post-fledge (breakpoint + SE: 3.34 
+ 0.30 days post-fledge) creating a hockey-stick-shaped survival curve pattern.  
Comparatively, it took almost 24 days (breakpoint + SE: 23.90 + 0.97 days post-fledge) 
in the non-predator playback treatment to match the first initial decline in juvenile 
survival found in the predator treatment (Fig. 2.6).  This estimated breakpoint of 3 days 
post-fledge in the predator treatment is supported by the fact that more deaths in the 
predator treatment occurred at a greater frequency within the first 3 days (88%) compared 
to the last 4 days (12%) in the first week post-fledging (χ
2 
= 4.800, df =1, p = 0.028).  
Intriguing about this initial, sharp decline in juvenile survival observed in the predator 
treatment was how both survival curves practically run parallel to each other past this age 
(Fig. 2.6). 
 For the most part, playbacks were not being broadcast near juveniles at the time of 
their death in the predator treatment, suggesting that that predation risk effects within the 
nest may persist post-fledging.  For example, in 2014 all predator playbacks ceased 
broadcasting at the time of fledging.  Yet, I still observed that first drastic decline in 
survival in the predator treatments around 3 days post-fledge in both 2013 (estimated 
breakpoint + SE, 2.71 + 0.48 days post-fledge) and 2014 (3.65 + 0.46 days post-fledge) 
when analyzing both study years separately with piecewise regression analysis 
(breakpoints for years combined are displayed in Fig. 2.6).  Unlike 2014, in 2013 predator 
playbacks continued to be broadcast following a 4-day ON and OFF cycle.  Despite this 
playback rotation, juvenile mortality in the predator treatment that happened within the 
first 3 to 7 days post-fledge were not biased to occur more often when playbacks were 
broadcasting (χ
2 
test p > 0.467, e.g. juvenile deaths that occurred in the first week with 
playbacks ON= 7, or OFF= 10); further suggesting an in-nest effect on juvenile survival.  
Further support that effects within the nest may carryover post-fledge, was how I found 
that condition at the time of fledging was predictive of an individual's condition 7 weeks 
post-fledging (Table 2.4) 
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Table 2-4. Spearman rank correlation values for fledgling song sparrows (Melospiza 
melodia) size measurements with repeated measures taken on survivors at older juvenile 
age/stage. Juvenile ages/stages: juveniles still  dependent on parental provisioning (8-24 
days old post-fledge), juveniles measured post independence from parents (28+ days old 
post-fledge).  
Fledgling 
measurement 
Older juvenile measurement 
Spearman Rank values: 
R p-value 
Mass Mass at dependence 0.513 > 0.001 
 
Mass at independence 0.448 0.013 
    Tarsus Tarsus at dependence 0.920 > 0.001 
 
Tarsus at independence 0.912 > 0.001 
    Wing chord Wing chord at dependence 0.398 > 0.001 
 
Wing chord at independence 0.284 0.129 
 
2.4.6 Linking predation risk effects on nestling/juvenile condition 
with early juvenile survival 
The difference in juvenile survival between playback treatments was driven by the 
survival patterns within the first 3 days post-fledge (Fig. 2.6), which was likely influenced 
by the condition of juveniles when they leave the nest (Fig. 2.5A and Table 2.2).  
Comparing juvenile conditions measured at fledging between individuals that survived 
versus juveniles that died within the first 3 days post-fledge, I found that fledglings that 
died were both lighter in weight (Alive: 20.01 + 0.16 g vs. Dead: 17.81 + 0.54 g; T-test: 
t1,116 = 3.929, p < 0.001) and had lower fat scores (Alive: 4.96 + 0.17 fat score vs. Dead: 
2.75 + 0.54 fat score; T-test: t1,116 = 3.888, p < 0.001).  Inclusion of juvenile mass and fat 
at fledge within a CPH model demonstrated that these variables were predictive of 
juvenile fate within the first 3 days post-fledge (Overall CPH model: Wald χ
2 
= 28.384, df 
= 5.24, p > 0.001). However, juvenile mass and fat at fledge had an interactive effect on 
predicting juvenile survival within the first 3 days post-fledge (Wald χ
2 
= 3.697, df = 1, p 
= 0.049); the time period that differentiates playback treatment survival curves.  Within 
the first 3 days post-fledge, juveniles of lower mass were more likely to die  if they also 
had low fat scores, compared to the heavier individuals whose fate was influenced less by 
their fat values (Fig. 2.7).   
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Figure 2-7. Correlation between juvenile mass and fat for individuals that survived (half-
open diamonds, dashed line) or died (half-open circles, solid line) within the first 3 days 
post-fledging.  All diamonds or circles are colour coded to demonstrate if an individual 
was from either the non-predator (blue) or predator (red) playback treatment. Regression 
line statistics: survivors (dotted line) R
2
 = 0.062, fatalities (solid line) R
2
 = 0.606. 
 
   The influence of body condition measurements on juvenile survival might be 
limited during certain time periods post-fledge.  Juvenile mass measurements taken at 
fledge remained influential on predicting juvenile survival not only during critical time 
periods post-fledge (i.e. first 3 days post-fledge), but even throughout the entire 
monitoring period (Table 2.5).  Meanwhile, juvenile fat scores recorded at the time of 
fledging were predictive of juvenile survival shortly after fledging and while juveniles 
were dependent on parental provisioning (Table 2.5).  However, the predictive power of 
juvenile fat scores at fledge for juvenile survival was lost in juveniles post-independence 
from parents, and weakened (i.e. p-values increasing) with longer time periods for 
survival analysis (Table 2.5). 
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Table 2-5. Cox-proportional hazard (CPH) model testing juvenile song sparrow 
(Melospiza melodia) mass and fat scores measured at fledge as predictive covariates of 
juvenile fate post-fledge for survival analysis up to critical time periods post-fledge.  
Time periods of import are: 3 days post-fledge (i.e. from break point analysis), 7 days 
post-fledge (Cox et al. 2014), 21 days post-fledge (i.e. timing of juvenile independence 
from parental feeding, Dybala et al. 2013) and 49 day post-fledge (i.e. end of monitoring 
period). Numerical values presented are p-values from Wald Chi-square tests performed 
for individual model parameters.  Female ID= random effect variable included in CPH to 
control for potential correlated survival data.  Grey shading used to demonstrate the 
consistency of significant and/or near significant model parameters with increasing length 
of survival analysis duration. 
  Survival analysis time length from fledging to: 
Model effects 
3 days post-
fledge 
21 days post-
fledge 
49 days post-
fledge 
Overall CPH model >0.001 0.002 0.011 
Mass at fledge 0.01 0.025 0.029 
Fat at fledge 0.032 0.065 0.161 
Mass*Fat 
interaction 0.049 0.105 0.207 
Female ID 0.318 0.05 0.106 
 
2.4.7 Cumulative costs of fear on prey reproduction 
Predation risk effects from egg laying to independent juvenile offspring (i.e. 49 days/ 
7weeks post-fledge) more than halved offspring production when comparing females in 
the predator treatment versus the non-predator treatment.   Females exposed to predator 
playbacks prior to egg-laying laid fewer eggs (Fig. 2.1A), representing a 9.8% difference 
in fecundity by females in the predator treatment compared to the non-predator treatment.  
Furthermore, females exposed to predator playbacks had more eggs fail to hatch (i.e. 
lower hatching success) and more nestlings starved within the nest; representing a 11.0 % 
and 21.3 % difference between treatments, respectively.  By the time offspring left the 
nest  I found that females exposed to predator playbacks produced 36.8% fewer offspring 
during the nesting period than controls.  This difference in female reproduction between 
females breeding within a perceived high predation risk environment versus a low 
predation risk environment was further exacerbated, as juvenile survival over the first 7 
weeks post-fledging differed by 25.8 % between treatments.  Lower juvenile survival in 
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the predator treatment compounded the earlier difference in offspring production within 
the nest (36.8 %), and led to a cumulative 53.1 % reduction in offspring production from 
the time of egg-laying to juvenile independence by females in the predator treatment 
compared to the non-predator treatment.   
  
2.5 Discussion 
Not only do I demonstrate that predation risk effects repeatably reduce prey fecundity and 
early offspring survival (shown here and Zanette et al. 2011), but demonstrate for the first 
time that the fear of predators further affects prey populations through reductions in 
juvenile survival.  Females exposed to a perceived high risk of predation lay smaller 
clutches (Eggers et al. 2006, Fontaine and Martin 2006, Travers et al. 2010, Zanette et al. 
2011, Hua et al. 2014), have fewer offspring leave the nest because of poorer hatching 
success (Zanette et al. 2011; Hua et al. 2014) and lower nestling survival (Zanette et al. 
2011), and had more offspring die as juveniles.  Overall, females in the predator treatment 
produced less than half (53 %) the number of independent juvenile offspring compared to 
females in the non-predator treatment, demonstrating that fear effects can have a 
substantial impact on prey populations.  Ultimately, since the fear of predation can reduce 
reproduction to juvenile independence by more than half it suggests that failing to 
consider fear effects in predator-prey ecology will greatly underestimate the total impact 
that predators have on prey populations. 
 Reducing prey reproduction by half represents a large cost of fear, but this 
observed effect size is supported by previous model predictions.  For example, Dudeck et 
al. (2018) monitored how parents behaviourally respond to predation risk during post-
fledging, and found that parents that were more reactive to predators cues (i.e. lower 
feeding rate to fledglings more to predator calls) had more offspring die.  Incorporating 
these data into a logistic regression along with incorporating the reductions in offspring 
production reported by Zanette et al. (2011), Dudeck et al (2018) estimated that the fear 
of predators will reduce offspring production to juvenile independence by 53 %.  
Staggeringly, the fear-induced projected reduction in offspring production to juvenile 
60 
 
independence matches my fear-induced observed 53 % reduction to prey reproduction.  
Moreover, my observed (53 %) reduction in prey reproduction to juvenile independence 
suggests that the cost of fear can be equal to nest predation rates (which often represent 
the highest source of reproductive loss in songbirds; Martin et al. 2000a,b) in my study 
area, which was previously documented to be 53 % (Zanette el al. 2006a).  This evidence 
supports the claim by Preisser et al. (2005) that the costs of fear may be greater than or 
equal to cost of predators directly killing prey.   
 The fear of predators can affect prey offspring production through effects on 
fecundity and offspring survival (reviewed in Lima 1998, Preisser et al. 2005, Creel and 
Christianson 2008, Preisser and Bolnick 2008).  However, it appears that reductions in 
offspring survival and not fecundity is where the greatest reductions in offspring 
production occur in terrestrial vertebrate systems (Zanette et al. 2011, Hua et al. 2014).  
For example, of my reported 53 % reduction in offspring production by scared parents, 
only 10 % of this was caused by fecundity, the remainder was driven by reductions in 
offspring survival as eggs (11 %), nestlings (21 %), and juveniles (26 %).  Because scared 
parents lost disproportionately more offspring during periods of parental care (e.g. 
incubation, brood-rearing, post-fledging), this suggest that fear effects on offspring 
production may be driven by effects on offspring survival (via parental cares changes) 
and less so on fecundity in a terrestrial vertebrate systems (Zanette et al. 2011, Dudeck et 
al. 2018).   
 Predation risk-induced reductions in parental care at early developmental stages, 
like nestlings, appear to be the most critical period for reducing offspring survival.  I 
found evidence to suggest scared parents fed their nestlings less and consequently had 
more nestlings die, resulting in 21 % fewer chicks surviving to fledging compared to 
controls.  This result was similar to that previously reported in song sparrows, however 
Zanette et al. (2011) did measure paternal care in the nest and found that parents exposed 
to predator playbacks fed their nestlings at a reduced rate, suggesting that this most likely 
occurred in my study too, although I did not directly measure parental feeding rates.   
Parental care effects on nestling condition to the time of fledging seem to "carryover" to 
the juvenile period, such that individual condition at fledging was correlated with 
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condition throughout the juvenile period, but also was linked with survival.  Overall, my 
results suggest that predation risk effects during the brood-rearing period appear to have a 
critical and lasting effect on juveniles. 
   Juveniles that are both low in body mass and leaner at the time of fledging were 
more likely to die within the first 3 days post-fledging in the predator treatment, 
suggesting that predation risk effects in the nest affected juvenile survival and likely had 
the largest effect while juveniles were still flightless (i.e. first week post-fledge).  
Flightless juveniles may be more likely to be preyed upon when they have less body fat 
because their poorer condition may reduce their ability to escape predators (Cox et al. 
2014, Naef-Daenzer and Grüebler 2016).  Moreover, poorer condition juveniles may not 
only be less able to flee from predators, but they also may inadvertently make themselves 
more conspicuous to predators.  Poorer condition and hungrier juveniles could make 
themselves more conspicuous to predators because they may beg more to attract parental 
food provisioning (reviewed in Magrath et al. 2010) or beg at riskier time periods 
(Dudeck et al. 2018).  An example of how juveniles could beg at riskier times was shown 
by Deudeck et al. (2018) where they found that when juvenile song sparrows were being 
fed less they did not increase the frequency of their begging behaviour, but increased the 
proportion of begging they performed when they were alone, in the absence of their 
parents, which could conceivably make themselves more conspicuous to nearby predators 
(Dudeck et al. 2018).  Consequently, if hungry juveniles (individuals with low body mass 
and low fat scores) beg at a higher ratio when parents were not near them, they potentially 
are signaling their location to nearby predators, which, in combination with their inability 
to fly and potentially restricted mobility (i.e. poorer condition), may explain the 
heightened mortality within the first 3 days post-fledge in the predator treatment. 
 When looking at the periods of high juvenile mortality I found that my results 
corroborate with other studies on song sparrows and other songbird species.  I found that 
juveniles had high rates of mortality within the first week post-fledge, along with most 
juvenile mortalities occurring within the juvenile dependency period (i.e. first 21 days 
post-fledge), matching previous work on song sparrows (Dybala et al. 2013) and other 
birds (reviewed in Cox et al. 2014, Naef-Daenzer  and Grüebler 2016).  I also found that 
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the main time period when playback treatment survival curves differed from each other 
was within the first 3 days post-fledging.  Interestingly, this closely resembles other 
studies in which juvenile mortality rates were highest within the first 2 days post-fledging 
(Naef-Daenzer et al. 2001, Low and Pärt 2009, Balogh et al. 2011, Sim et al. 2013). 
Overall, at the time of fledging, juveniles seem to be poorly prepared for the new 
challenges they must face after leaving the nest (Naef-Daenzer  and Grüebler 2016).  
However, juveniles reared by scared parents also have to deal with the challenges they 
faced as nestlings (poorer condition), which combined with exposure to additional 
challenges post-fledging likely contributed to the quick drop in juvenile survival in the 
predator treatment.  
This 53 % cost of fear may potentially be further exacerbated if predation risk 
effects lead to long-lasting to permanent effects on juvenile survivors.  I have provided 
evidence which suggests parents may be feeding offspring less while they are in the nest.  
Consequently, being fed less at early ages of development may have lasting effects on 
offspring condition (Nowicki et al. 1998, MacDonald et al. 2006), such that I found that 
condition at the time of fledging can be predictive of an individual's condition 7 weeks 
post-fledging.  Since early juvenile condition is correlated with their condition at older 
ages this provides a potential mechanism for fear effects on early juvenile condition to 
impair or even handicap survivors through effects on an individual's condition at later 
ages.   
Early nestling conditions may not only affect physical size of future recruits (i.e. 
juveniles that survive to adulthood) into the breeding population but may even affect 
adult quality on sexually selected behaviours too.  The developmental stress hypothesis 
predicts that any nutritional stress experienced during early development will impair brain 
development, which can negatively affect song learning in songbirds (Nowicki et al. 
1998, MacDonald et al. 2006) and consequently affect their lifetime reproductive success 
(Reid et al. 2005).  Nestlings in the predator treatment  appeared to be nutritionally 
stressed, which has previously been shown to decrease development in areas of the brain 
used for song recognition and learning in song sparrows (MacDonald et al. 2006) and can 
result in males with smaller song repertoire sizes (Pfaff et al. 2007).  Song repertoire sizes 
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are an index of male quality and are predictive of male lifetime reproductive success, 
such that males with larger song repertoires have been reported to raise more offspring 
over their life time because they live longer and also raise a greater proportion of their 
nestlings to independence (Reid et al. 2005).    Overall, I have evidence to suggest that 
nestlings in the predator treatment were nutritionally stressed and individuals in poorer 
condition (i.e. low body mass) maintained this pattern overtime, suggesting that juveniles 
in the predator treatment may become poor quality adults.  Thus, predation risk effects on 
early offspring condition may handicap and have lifelong effects on juveniles and thereby 
affect the prey population for many years to come (Reid et al. 2005, Sheriff et al 2009, 
Zanette and Clinchy 2017). 
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Chapter 3  
3 Predation risk reduces recruitment rates: consequences 
for population growth rates  
3.1 Introduction 
The overall effect that predators have on prey population dynamics remains controversial 
in predator-prey ecology (reviewed in Creel and Christianson 2008, Preisser and Bolnick 
2008, Lima 2009, Zanette and Clinchy 2017).  This controversy exists because some 
studies have found that predators have a minimal impact on prey populations compared to 
other evidence that increases in predator abundances can lead to fourfold reductions in 
prey populations (reviewed in Ritchie and Johnson 2009).  This discrepancy about the net 
effect of predators on prey populations likely exists because most studies only assess how 
many prey predators directly kill.  However, prey are not passive victims that simply 
move around their environment and have chance encounters with predators and get killed.  
Prey are able to assess their perceived risk of predation and will accordingly react to this 
risk using anti-predatory responses to minimize their risk of being captured and killed by 
predators (reviewed in Creel and Christianson 2008, Preisser and Bolnick 2008, Lima 
2009, Zanette and Clinchy 2017).   However, anti-predator responses often incur some 
form of a trade-off that incurs a cost to an individual's fecundity (i.e. gamete/propagule 
production) and survival (Preisser et al. 2005, Creel and Christianson 2008, Preisser and 
Bolnick 2008, Lima 2009, Zanette and Clinchy 2017).  I use the term predation risk 
effects to define and encompass the collective costs of anti-predatory responses on prey 
populations.   
 Because predation risk effects can influence both prey fecundity and survival it 
provides a second mechanism for predators to affect prey population growth rates, in 
addition to directly killing prey (Preisser et al. 2005, Creel and Christianson 2008, 
Preisser and Bolnick 2008).  Prey fecundity may be reduced when females become 
physiologically stressed through predation risk-induced impairment in foraging 
behaviour.  Ultimately, 'stressed' females may be in poorer physical condition and 
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consequently have lower fecundity (Creel et al. 2007, Sheriff et al. 2009, Travers et al. 
2010, Monclús et al. 2011).  Costly anti-predator responses (e.g. reduced foraging) that 
incur reductions in an individual's physical condition also may affect survival, as 
individuals in poorer physical condition may be more vulnerable to other sources of 
mortality (e.g. starvation, disease; Creel and Christianson 2008).  However, the costs of 
anti-predator responses may not have a uniform effect across different categories of 
individuals (e.g. sex, age, etc) within a given prey population (Gaillard et al. 1998, Hoy et 
al. 2015, Brommer et al. 2017). 
 To understand how predation risk effects influence prey population growth rates, 
researchers need to quantify how costly anti-predator responses affect different 
demographic groups (i.e. life-history stages) within a given prey population.  Examining 
how the costs of predation risk affects different demographic groups will allow sensitivity 
analyses to be performed to determine which individual life-history stages or cohorts 
influence population growth rates the most (Smith and Trout 1994, Crooks et al. 1998, 
Gaillard et al. 1998, Hoy et al. 2015, Brommer et al. 2017).  In most populations, 
especially long-lived species, the contributions made by different categories of 
individuals to population growth rates often varies, since survival and fecundity are both 
affected by the age and condition of individuals (Gaillard et al. 1998, Hoy et al. 2015, 
Brommer et al. 2017).  Therefore, if predation risk effects disproportionately impact 
categories of individuals with high reproductive value and survival, like females (i.e. 
limiting sex of breeding population) and high-quality individuals (i.e. individuals that 
produce lots of surviving offspring), there will be profound consequences on prey 
population growth rates (Hoy et al. 2015).  Alternatively, if the fear of predation 
disproportionately impacts categories of individuals with low reproductive value and 
survival, like young offspring (i.e. juveniles) and low-quality individuals (i.e. produce a 
low number of offspring relative to population means), then predation risk effects on  
prey populations may be minimal.   
 Despite the expectation that reductions in juvenile survival may have a minimal 
impact on populations, studies have shown that population growth rates are sensitive to 
changes in juvenile survival (Gaillard et al. 1998, Donovan and Thompson 2001).  
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Juvenile survival can have large impacts on prey population growth rates because juvenile 
survival to adulthood constitutes the recruitment rate of a population (i.e. number of 
juveniles that survive to become breeding adults in the population) (Monrόs et al. 2002).  
Moreover, juvenile survival may have larger impacts on population growth than adult 
survival rates, as juvenile survival often is more variable. Higher variation in juvenile 
survival allows for greater changes in population growth rates compared to adult survival 
rates that tend to be more consistent over time and thereby provide little to no change in 
growth rates over time (Gaillard et. 1998, Owen-Smith and Mason 2005, Dybala et al. 
2013a,b).  Juvenile survival to recruitment not only impacts population growth rates, but 
also can be critical for the stability and persistence of populations (Gaillard et al. 1998, 
Donovan and Thompson 2001, Monrόs et al. 2002).  Despite the importance of 
recruitment rates on populations, there are few experimental studies that test what factors 
affect juvenile survival to recruitment (reviewed in Gaillard et al. 1998, Cox et al. 2014, 
Naef-Daenzer and Grüebler 2016) . 
 Understanding the net effect of predators on prey population growth rates requires 
that predation risk effects on offspring survival to recruitment be quantified.  Predators 
often are cited as a primary cause of juvenile mortalities, as several studies find 
substantial predation rates on juveniles, especially at young ages (Panzacchi et al. 2009; 
reviewed in Cox et al. 2014, Naef-Daenzer and Grüebler 2016).  Yet, little is known 
about how predation risk effects may impact juvenile survival to recruitment into the 
breeding population, as most studies on juvenile recruitment are observational and  assess 
how physical condition predicts survival to recruitment (reviewed in Cox et al. 2014, 
Naef-Daenzer and Grüebler 2016). Recruitment of juveniles can impact a prey population 
through not only the influx of new recruits into a population (i.e. quantity), but also the 
quality of recruits that become breeders in a population (Hoy et al. 2015).   
 The fear of predation may influence prey populations by limiting the quantity of 
new recruits joining the breeding population.  In response to high predation risk, song 
sparrow (Melospiza melodia) mothers laid smaller clutch sizes, had fewer eggs hatch, less 
nestling survive (Zanette et al. 2011, Chapter 2), and had juveniles with poorer survival 
post-fledging (Chapter 2), effectively limiting the number of potential offspring to be 
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recruited in the population the following year.  The question that remains untested is if 
predation risk effects on early offspring production in song sparrows persists to 
recruitment (Dybala et al. 2013a,b, Cox et al. 2014, Naef-Daenzer and Grüebler 2016). I 
anticipated that predation risk-induced reductions in offspring production from earlier 
life-history stages would carry over to recruitment, limiting the total number of recruits 
that can join the breeding population in a high predation risk environment. 
 Predation risk-induced reductions in early parental care to offspring may further 
affect prey populations if the cost of anti-predator behaviour disproportionally reduces 
survival of the limiting sex of a population.  In most terrestrial vertebrate systems, 
females are the limiting sex in the population (Smith and Trout 1994, Crooks et al. 1998, 
Hoy et al. 2015). Several field and lab studies indicate that female birds are often more 
susceptible to poorer environmental conditions during early development compared to 
males because females are physically smaller (reviewed in Monaghan 2008).  For 
example, when nestling song sparrows are nutritionally challenged because of the 
presence of a brown-headed cowbird nest-mate, females, the smaller of the two sexes, 
suffer greater mortality in the nest leading to skewed sex ratios at fledging (Zanette et al. 
2005, Zanette et al. 2012, Decaire et al. 2013).  This observed female biased mortality 
within the nest is suggested to happen because females are the smaller sex, and therefore 
may be at a competitive disadvantage for securing food from parents compared to their 
larger nest-mates (Decaire et al. 2013).  Studies of recruitment need to test for differences 
in survival between males and females because if a sex bias exists it could have a 
profound negative effect on prey population dynamics, since fewer females equates to 
fewer breeders in the population (Monaghan 2008, Hoy et al. 2015). 
 The primary focus of this study was to assess if predation risk conditions 
experienced in early offspring upbringing would influence juvenile recruitment to 
adulthood the following year after song sparrows fledged from the nest.  To answer this 
question I performed predator playback manipulations across 3 cohorts (i.e. study years) 
of song sparrows that were exposed to either a high predation risk playback (predator 
treatment) or low predation risk playback environments (non-predator treatment).  After 
each year of playback manipulations I extensively surveyed within and around study sites 
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for new recruits into the breeding population from the previous year's cohort of banded 
nestlings.  Using mark-recapture data, I used Cormack Jolly-Seber (CJS) models to 
compare the apparent survival of juveniles to recruitment (Lebreton et al. 1992, White 
and Burnham 1999) following methods previously used with song sparrows (Dybala et al. 
2013b).   
 I also tested if any potential sex bias existed among recruits found based upon the 
playback treatment recruits experienced as young offspring (i.e. compare sex ratio in 
predator vs. non-predator treatment).  Because of predation risk-induced increase in 
competition for food in the nest (i.e. parents feed brood less often; Zanette et al. 2011) I 
anticipated that females may be at a competitive disadvantage for getting food in the nest 
and thereby suffer a biased mortality in the nest, skewing the sex ratio away from a 50/50 
split observed at fledging in past studies (Zanette et al. 2005, Zanette et al. 2012, Decaire 
et al 2013).  Although the sex-ratio at fledging was not directly tested here, I examined if 
a sex-ratio skew was present at recruitment. 
 I further investigated if factors within the nest (e.g. nestling condition) or other 
environmental factors (e.g. weather) were predictive of survival and compared which of 
these two types of covariates (nestling condition vs. weather) better estimated juvenile 
survival to recruitment (Naef-Daenzer and Grüebler 2016).  Both in-nest condition and 
weather covariates (e.g. precipitation; Dybala et al. 2013b) were tested for effects on 
juvenile survival because both types of covariates have been previously demonstrated to 
affect survival to recruitment (Dybala et al. 2013a,b, reviewed in Cox et al. 2014).  
Comparing survival models with nestling condition and weather covariates separated 
from each other helped test if playback treatments (i.e. experimental effects) had a larger 
impact on recruit survival compared to environmental variables (i.e. year/random effects).  
Nestling condition covariates potentially represent treatment effects because these 
variables have been found to be influenced by predation risk manipulations (e.g. nestling 
body mass; Zanette et al.2011), whereas weather covariates will vary from year to year.  
 Lastly, I integrated all the components of predation risk effects on song sparrow 
life-history stages into Leslie Matrix models to assess their effects on prey population 
growth rates (λ).  Furthermore, Leslie Matrices were investigated using sensitivity 
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analyses to help determine which particular demographic parameters (e.g. fecundity or 
survival) held the most sway in affecting population growth rates (Smith and Trout 1994, 
Crooks et al. 1998).   
 
3.2 Methods 
3.2.1 Experimental manipulations 
The perceived risk of predation was manipulated at multiple study sites with breeding 
pairs of song sparrows.  Refer to section 1.6 for further details about song sparrows and 
my study population.  For further details on playback manipulations refer to Zanette et al. 
(2011) or section 2.2.2 and 2.2.3.  Briefly, some breeding sparrow pairs had their 
perceived risk of predation increased by broadcasting playbacks of predator calls and 
sounds (hereafter referred to as predator treatment).  Meanwhile, other sparrow breeding 
pairs were exposed to playbacks of non-predator species calls and sounds to act as a low 
perceived predation risk environment (hereafter referred to as non-predator treatment).  
  
3.2.2 Surveying methods to find and identify song sparrow recruits 
and adults 
Every year following experimental playback manipulations all study sites (Appendix 8) 
were surveyed for juveniles that survived to adulthood, following methods previously 
outlined (Zanette et al. 2009).  Recruits from experimental manipulations were identified 
with the unique colour leg-band combination each individual was given as a nestling.  In 
addition to surveying for recruits, all study sites were searched to find any banded adults 
to identify all breeding pairs and assess adult survival too.  Surveys were conducted from 
early March to early May to identify new recruits and older adults using both passive 
observations and playbacks of singing male song sparrows.  Early in the breeding season 
both sexes were responsive to playbacks of male song sparrows and often approached the 
source of the male song sparrow playbacks, making it easier for surveyors to identify (i.e. 
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colour leg-band combo) and sex an individual, since only males can sing and often 
counter-sing in response to male song playbacks.   
 Surveys for recruits also were performed on islands not normally monitored 
during the breeding season.  Surveys for new recruits and adults were conducted across 
the whole of islets and smaller islands around Portland island, including Chad and Hood 
island (Appendix 8A).  Recruits also were searched for on Salt Spring island.  Due to 
restrictions on searching for recruits on private property on Salt Spring island, surveys 
were restricted along the southern shore where surveyors could walk along the high tide 
line and look for song sparrows.  Salt Spring island was surveyed because I knew from 
my radio tracking work (Chapter 2) that at least 3 juvenile song sparrows from Russell 
island moved over to Salt Spring.   
 Areas not normally monitored during the breeding season on Portland island were 
surveyed for banded recruits as well.  Portland island has trails around its entire 
perimeter, along with two perpendicular trails that cut the island into 4 sections 
(Appendix 8B).  All trails on Portland were surveyed for recruits.  Additionally, transects 
that went North to South across the whole of Portland island were walked to search for 
recruits and adults.  Transects on Portland were separated by 50 m to let surveyors go 
through any territory at least twice during transects (territories have an average diameter 
of 70 m; Chapter 4) to get a complete census of breeding song sparrows on Portland 
island.  
 
3.2.3 Testing if predation risk effects persist to recruitment 
I have previously shown that parents exposed to a perceived increase in predation risk 
produce 53 % fewer offspring to juvenile independence compared to controls.  Expanding 
upon this result, I tested if this difference between predator and non-predator treatments 
was maintained to recruitment.  I compared the number of juveniles found alive as 
recruits that fledged from nests that were exposed to either predator or non-predator 
playbacks during the previous breeding season using a χ
2
 test.  Additionally, I tested if the 
production of recruits (i.e. number of recruits produced per female) differed between 
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playback manipulations using an ANOVA model that also tested for any study year 
effects (i.e. 2010, 2013, 2014) or interactions.     
 Because I did not continuously monitor juveniles to the following year I examined 
offspring survival to recruitment for song sparrows from my experimental manipulations 
in 2010, 2013, and 2014 using R 3.2.1 (R Core Development Team 2015) with the 
package RMark 2.2.0 (Laake 2013) to write Cormack-Jolly-Seber (CJS) models for the 
program Mark 8.0 (Lebreton et al. 1992, White and Burnham 1999).  I defined a juvenile 
surviving to recruitment if they were observed alive the following breeding season(s) 
after the year that they fledged (Dybala et al. 2013b).  Survival to recruitment for 
individuals was calculated based upon the recapture histories being coded from 
monitoring across different life-history stages of offspring; from eggs-to-hatching-to-
fledging-to recruitment (e.g. 1111= individual that survived to recruitment, 1100= 
individual that did not fledge). 
   Cormack Jolly-Seber models differ from classic survival calculations because they 
calculate estimates for apparent survival (Phi) and recapture probability (p) of marked 
individuals (Lebreton et al. 1992, White and Burnham 1999).  Apparent survival 
represents the product of the probability of true survival and study area fidelity (Lebreton 
et al. 1992, Schaub and Royle 2014).  Consequently, this estimate cannot distinguish 
between mortality and emigration and often underestimates true survival values (i.e. 
values that could be obtained from known fate monitoring, e.g. radio telemetry) (Schaub 
and Royle 2014).  However, if the recapture probability of individuals (p) equals one, 
than survival estimates from CJS models equal true survival values (Schaub and Royle 
2014).  The recapture probability (p) represents the probability that a marked animal in 
the study population at a given sampling period will be captured or observed at that time 
(Lebreton et al. 1992, White and Burnham 1999).  A recapture probability can be 
calculated for each subsequent time period (e.g. second recapture period, third recapture 
period, etc...) based upon the capture histories examined (Lebreton et al. 1992, White and 
Burnham 1999). 
 Using CJS models I tested which parameters affected apparent survival and 
recapture probabilities.  Models using all interactions and main effect combinations for 
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playback treatment and study year were conducted for both survival (Phi) and recapture 
probabilities (p).  For Phi, I had all models tested assume survival estimates between life-
history stages were not constant because survival differs between stages used to generate 
recapture histories (e.g. fewer individuals die as eggs compared to nestling period; 
Chapter 2).  Additionally recapture probability (p) was tested as null models that assumed 
p= 1.0 (i.e. p~1) (Dybala et al. 2013a,b, Wann et al. 2014).   
 Akaike information criterion (Akaike 1973) correction (AICc) model selection 
was used to select the best fitting model out of all the related models that I tested for 
survival to recruitment (following Burnham and Anderson 2003, Dybala et al. 2013b).  
Each tested model was ranked by their AICc value (i.e. lower value represents a better 
fitting model for data) and compared among models (Burnham and Anderson 2003). 
When comparing AICc values researchers should not be concerned with the absolute 
AICc value, but focus on the difference in AICc values among the models tested 
(Burnham and Anderson 2003).  Models within a 2.0 evidence ratio range from the top 
ranked model(s) were discussed and used to interpret the data because models above this 
2.0 margin are 2x worse at explaining the data than the top ranked model (Burnham and 
Anderson 2003).    
 Because the top ranking model for survival to recruitment determined that 
recapture probability was best represented by a null model (i.e. re-sight probability = 
100%) I used generalized estimating equations (GEEs) to estimate survival to recruitment 
values between playback treatment and among study years (Zhang 2006).  Using a 
repeated measures logistic regression design I used a GEE model that tested the 
parameters selected to best fit the survival to recruitment data from CJS models.  I 
expanded my GEE model to correct survival comparisons for any potential correlation 
between siblings (Zhang 2006) . 
 
3.2.4 Recruit sex ratio comparisons 
I tested if there was any sex bias between playback treatments for recruits found.  I 
anticipated a bias against female survival in the predator treatment because broods that 
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are food stressed (e.g. inclusion of a brood parasite in nest) can induce female biased 
mortality within the nest (Zanette et al. 2005, Zanette et al. 2012, Decaire et al. 2013).  I 
know from Chapter 2 that broods reared in the predator playback treatment were food 
stressed, thus I anticipated fewer female fledglings and consequently expected fewer 
female recruits from the predator treatment compared to the non-predator treatment.  Sex 
ratios between playback treatments were compared using a χ
2
 test.  I cannot say a sex bias 
existed at fledge with certainty during playback manipulation years because I have not 
identified the sex of nestlings.  However, it should be noted that at the time of fledging, 
song sparrow broods have been previously reported to have approximately equal sex 
ratios (proportion of females = 52 + 11 %) at my study sites (Zanette et al. 2005). 
 
3.2.5 Nestling condition variables 
Nestling condition was assessed by: weight (g), tarsus length (mm), wing chord length 
(mm), and body fat (score value).  Refer to section 2.2.4 for details on how these 
measures were obtained.  For complete details of treatment comparisons of nestling 
condition refer to section 2.4.2.  Briefly, nestlings did not differ in physical size (weight, 
tarsus, or wing chord) between treatments, but nestlings in the predator treatment had 
lower fat scores compared to non-predator nestlings.   
 The physical condition of individuals as nestlings was compared between 
individuals seen alive as recruits.  These analyses only examined for differences in 
nestling condition for individuals that were seen alive as recruits (n= 47).  Limiting my 
comparisons to individuals seen alive as recruits allowed me to not only test for treatment 
effects but also test for differences between males and females, since I was able to sex all 
recruits seen.  For these analyses the parameters of playback treatment and recruit sex 
were the only factors tested using a 2-way mixed-model ANOVA analyses.  Study year 
was not included in these analyses because sample sizes of females were too small to 
perform a 3-way ANOVA analysis.  For all these analyses study site and female parent 
identity (i.e. mother of the recruit) were included as random effects in the models. These 
2-way ANOVA analyses were performed on all nestling condition measurements (mass, 
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tarsus, wing chord, fat score) and brood size in the nest.  All these variables were tested 
because they may influence survival to recruitment (reviewed in Cox et al. 2014). 
 In addition to nestling condition measures I also looked at the Julian date of 
fledgling and the number of fledglings that fledged from the nest, in nests that 
successfully fledged at least one chick (i.e. produced a fledgling that could survive to 
recruitment). I used mixed-model ANOVAs using a 2-way factorial design to test for 
playback treatment and study year effects and interactions.  For these comparisons, only a 
single measure for each successfully fledging nest from each female was used to avoid 
pseudoreplication.  I controlled for the random effect of study site and female identity in 
the analyses. No difference between playback treatments was found, along with having no 
significant interaction term (refer to Appendix 9).  
 
3.2.6 Weather variables 
I examined temperature and rainfall measures taken during the first three weeks post-
fledge and winter months to test as predictors of juvenile survival to recruitment 
(following Dybala et al. 2013b).  Weather variables during the first 3 weeks post-fledge 
were examined because juvenile survival in avian species is largely influenced within this 
time period (reviewed in Cox et al. 2014).  Additionally, song sparrow survival to 
recruitment may be influenced by seasonal weather effects during the breeding season in 
which they fledged (Hochachka 1990, Hochachka 1991, Dybala et al. 2013b).  Winter 
weather (i.e. winter temperature and rainfall values) has been linked with affecting 
juvenile survival to recruitment (Dybala et al. 2013b) and was therefore examined here 
too.   
 All weather data were collected from the Environment Canada website using the 
recorded climate data from the Victoria International Airport weather station 
(http://climate.weather.gc.ca/historical_data/search_historic_data_e.html), which is 
approximately 10 km away from the study area.  Data collected consisted of both daily 
average ambient temperature (°C) and the daily total amount of rainfall (mm).  For each 
juvenile I calculated the average ambient temperature and total rain exposure (i.e. sum of 
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rainfall) they were exposed to for the first 21 days (i.e. three weeks) post-fledge, starting 
on the day they fledged from the nest (following Dybala et al. 2013b).  For winter 
weather variables I looked at the average ambient temperature and the total rainfall (i.e. 
sum of rainfall values) that juveniles were exposed to from the 1-December to 1-March 
the following year (following Dybala et al. 2013b). 
 I tested for average temperature and total rainfall effects between playback 
treatment and study year within the first 3 weeks post-fledge using 2-way ANOVAs.  For 
temperature conditions during the winter (1-Dec to 1-Mar) I only tested for year effects 
and did find differences among study years (comparison of individual means assuming a 
normal distribution test, p < 0.001). The average ambient winter temperature of 2014 to 
2015 was warmer (6.2 + 0.30 °C) than in the winters of 2010 to 2011 (4.2 + 0.33 °C) and 
2013 to 2014 (3.4 + 0.34 °C). There also was some observable differences in total rainfall 
during the winter among years (2010= 553.6 mm, 2013= 357.3 mm, 2014= 573.9 mm), 
with it being a dryer winter for juveniles fledged in 2013.  However, since the winter 
rainfall values were only a single sum of rainfall per winter (i.e. no error), I could not 
make any statistical comparisons.  Refer to Appendix 9 for all other weather variable 
comparison results, which demonstrated some year differences, but found no differences 
between playback treatments or any significant interaction terms. 
 
3.2.7 Testing if nestling condition and weather variables predict 
survival to recruitment 
To test if nestling condition measurements or weather measures had an effect on juvenile 
survival to recruitment I tested which of these variables best fit the data with CJS models.  
I tested nestling condition measures separate from weather covariates as predictors for 
juvenile survival to test which of the two covariate types (nestling condition or weather) 
better fit the data.  Before different combinations of covariates were used in survival 
models, I tested for multicollinearity among all covariates using simple regression 
analysis (following Dybala et al. 2013b).  I removed variables considered to be redundant 
if they had R > 0.70 (following Rangel-Salazar et al. 2008, King et al. 2011).  Nestling 
81 
 
tarsus and wing chord length variables had to be removed from analyses, as they were 
both highly correlated with nestling mass.  Nestling mass was kept as a potential 
covariate for CJS models because nestling mass has previously been used in juvenile 
survival modeling (reviewed in Cox et al. 2014, Naef-Daenzer and Grüebler 2016) and 
even been tested with song sparrows before (Hochachka and Smith 1991), allowing me to 
compare my results with past studies. 
 Survival models incorporating covariate effects used the same base model (i.e. 
playback treatment and study year main effects) to test with covariate variables, since 
both playback treatment and study year were the only parameters selected in the top 
model for survival to recruitment (following Dybala et al. 2013b).  Again, AICc model 
selection criteria was used to find the best fitting model for data with the inclusion or 
exclusion of covariates (Burnham and Anderson 2003, Dybala et al. 2013b).  I also tested 
if any weather covariates had a quadratic effect on juvenile survival to recruitment in the 
model selection process (following Dybala et al. 2013b).  Additionally, a quadratic 
relationship with brood size at fledging was tested, since parental feeding per nestling has 
a quadratic relationship with brood size and may affect survival in a similar fashion 
(Martin et al. 2011, Zanette et al. 2011). 
 
3.2.8 Adult survival 
Each year following playback manipulations all study sites had a complete census of all 
breeding pair identities done.  Within any given study year, the identity of adults was 
monitored from the start to end of playback manipulations to track adult survival within a 
breeding season.  Additionally, banded adults were searched for the year following 
manipulations to look at overwinter survival between breeding seasons, to observe who 
survived and to potentially find any individuals that went missing during the previous 
breeding season.  Thus, adult survival was coded as alive, went missing in the breeding 
season, or went missing overwinter (coded: 111, 100, or 110, respectively) within a given 
year.  I assumed that my recapture probability equaled one (p = 1) because from the 
multiple years of tracking adults, when an adult went missing they were never seen again 
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in all instances (e.g. no adults coded 101), suggesting that all individuals that I could not 
find did indeed die.   
 To determine which factors (i.e. playback treatment, study year, or sex) best 
described adult survival data I used the same AICc model procedures conducted on 
juvenile recruitment (section 3.2.3).  In addition to testing for playback treatment and 
study year in CJS models, I also included sex (male vs. female) as a parameter with AICc 
model selection.  Survival between the sexes was tested because I needed estimates of 
female survival to incorporate into matrices to predict population growth rates (λ).  
Additionally, I anticipated that female survival may be disproportionately biased against 
in the predator treatment compared to males, because females are not only stressed when 
living in an area they perceive to have a high risk of predation (Travers et al. 2010), but 
also eat less food (Zanette et al. 2013).  These factors in addition to the larger time and 
energy investments females make in an attempt to raise young (i.e. egg production, 
incubation, brooding, parental feeding) compared to males (i.e. parental feeding only) 
may lead to lower survival rates in females compared to males in the predator treatment.    
 For adult survival estimates I used generalized estimating equations (GEEs) to 
compare among playback treatments, study years, and sexes.  From CJS model selection 
procedures I found that adult survival had interactions between playback and sex, and 
playback treatment with study year.  Thus, my GEE for adult survival incorporated all 
main effect and interaction terms for comparisons.  Additionally, individuals could be 
coded more than once (e.g. individual was 111 in 2013, and 111 in 2014) if they were 
observed within different study years at playback manipulation study sites.  Individuals 
were coded this way to allow for comparisons among study years.  However, I expanded 
my GEE model to correct for the identity of individuals and thereby treat individuals 
monitored in 2 or 3 years of the study as correlated input (Zhang 2006).  This correction 
for individual identity in the GEE provided more reliable results for comparisons and 
interpretation (Williams 1995, Therneau and Grambsch 2000, Rohm et al. 2007, 
Panzacchi et al. 2009). 
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3.2.9 Leslie Matrix construction 
Leslie Matrices (Leslie 1945, 1948) presented in their simplest form represent a female 
population that is separated in m age categories.  Categories of females can range from 
representing groups of different life-history stages or time periods, ranging from weeks, 
months, or even years, whereby the range of categories is limited by the amount of 
information known for the groupings used (Crouse et al. 1987, Crowder et al. 1994, Smith 
and Trout 1994, Crooks et al. 1998).  The number of females contained within each 
age/stage group at time t is defined by the following vector  
                  
 ,  
which then can be used for each age or stage group and summed together for the total 
population size at time t using the following equation: 
Equation 1:         
 
             
In equation 1 nit represents the number of females in the age group i to i + 1 at time t 
(Smith and Trout 1994, Caswell 2001).  The change in the population structure (i.e. 
proportion of the population made of each age or stage) from time t to t + 1 is represented 
by the equation:  
Equation 2:          
In equation 2 the L represents the Leslie Matrix (Smith and Trout 1994, Caswell 2001).  
The L-matrix is a square matrix of m, in which the first row represents the number of 
female offspring produced by an individual of age i (Smith and Trout 1994, Caswell 
2001).  The first subdiagonal value contains the probability of survival, pi (0 < pi < 1) 
from one age group to the next.  The matrix can be visualized in the form: 
Equation 3:  L = 
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For Leslie Matrices to be used for analyses I restricted the matrices to 4 life-history stage 
groupings.  Groups were limited to: 1) eggs, 2) nestlings, 3) juveniles, and 4) adults.  In 
the Leslie Matrix fi values represent fecundity and pi represent survival values.  The 
Leslie Matrix structure used can be seen below: 
Equation 4:    
 
 
 
 
 
                            
            
      
      
         
 
 
 
 
       
For adults, I did not break them down into more age groups because I did not have the 
data necessary to do so because adult survival analyses did not look for differences 
among different aged adults.  For fecundity values only adults had values since the other 
3 life-history stages do not reproduce.  
 The Leslie Matrix (Equation 4) used here allowed adults, the individuals in my 
final age class, to survive between years instead of assuming all individuals in the final 
age class died.  A standard Leslie Matrix assumes that individuals found in the final age 
class will die with a probability of 1.00 into the following time step, t + 1(Crouse et al. 
1987, Crowder et al. 1994, Smith and Trout 1994, Crooks et al. 1998, Caswell 2001).  To 
enable the Leslie Matrix to extend the life of an individual in the (m, m) element of the 
matrix can be achieved by setting the value pm to represent survival of individuals in fm 
(i.e. final age survivorship value; Crowder et al. 1994, Smith and Trout 1994, Caswell 
2001).  However, building the L matrix this way (Equation 4) assumes that the survival 
and fecundity of individuals in the fm class remains constant, regardless of age, which 
does simplify the analysis, but allows for preliminary exploration of population models 
(Crowder et al. 1994, Smith and Trout 1994, Caswell 2001). 
 From the Leslie Matrix the dominant eigenvalue, λ, can be calculated, allowing 
the growth rate of a population to be defined.  When λ equals 1.00 it means that the 
population is stable and replacing itself.  Comparatively, when λ values are below 1.00 it 
means that a population is decreasing, while λ values greater than 1.00 represent growing 
populations (Crouse et al. 1987, Crowder et al. 1994, Smith and Trout 1994, Crooks et al. 
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1998, Caswell 2001).  Overall, λ values can be read as percentage of decreases or 
increases in population numbers (e.g. λ = 1.50, means population is increasing by 50% 
per time step). 
 
3.2.10 Predation risk effects on the population growth rate (λ) 
Leslie Matrix (Leslie 1945, 1948) models were used to assess how predation risk effects 
on different demographic parameters ultimately affected λ.  Lambda values can be 
calculated by dividing the population size in one time period (Nt+1) by the population size 
in the previous time step (Nt).  However, to determine the λ value of a population requires 
finding when this value stabilizes over time and thereby requires modeling a population 
using methods like a Leslie Matrix (Crowder et al. 1994, Smith and Trout 1994, Caswell 
2001).  For fecundity values I used the number of eggs produced per clutch reported in 
Chapter 2.  Survival values for eggs and nestling also were obtained from Chapter 2.  The 
values used for either playback treatment for juvenile survival to recruitment and adult 
survival were the values calculated from GEE survival estimates presented later in the 
results.  All of these values can be observed in the matrices presented in the result section.   
 Starting population sizes for age class were held constant for matrices constructed 
for both playback treatments.  Starting population sizes for each age class represent the 
total number of females assumed or observed for each group across all 3 study years 
(eggs, n0 = 282 [ half of 564; assumed]; nestlings, n0 = 257 [half of 514; assumed]; 
juveniles, n0= 209 [i.e. half of 419; assumed]; adults, n0= 112 [observed]).  Starting 
populations for each age group was held constant for both playback treatment Leslie 
Matrices, because I focused on assessing how demographic changes in fecundity or 
survival affected population growth rates. 
 Leslie Matrices also underwent sensitivity analysis to identify the life-history 
stages that had the largest influence on population growth rates.  Sensitivity analyses of 
Leslie Matrix were performed to determine how absolute changes in a single 
demographic parameter affected the absolute change in λ (Crowder et al. 1994, Crooks et 
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al. 1998, Caswell 2001).   Sensitivity analyses were conducted by calculating the S-matrix 
shown below: 
Equation5:    
   
   
         
In equation 5, v represents the reproductive value matrix, while w represent the stable age 
distribution matrix calculated from the L-matrix (Crowder et al. 1994, Crooks et al. 1998, 
Caswell 2001).   
 
3.2.11 General statistical notes 
For all parametric comparisons I tested for assumptions of normality and homogeneity of 
variances.  Whenever these assumptions were not met the data was Box-Cox transformed 
to satisfy the assumptions.  For comparisons of any counts between playback treatments I 
used Chi-square tests.  I conducted statistical analyses in Statistica 6.0 (StatSoft, Tulsa, 
Oklahoma, U.S.A.) and R version 3.2.1 (R Core Development Team 2015).  In R the 
package RMark 2.2.0 was used for Cormack Jolly-Seber model creation and AICc 
calculations (Laake 2013).   For all tests I set alpha at 0.05 and report two-tailed results 
for all comparisons.  For the results I present only significant effects, along with 
discussing any near significant effects (i.e. 0.05 < p < 0.10).  I present all values as means 
+ standard error of untransformed data for ease of interpretation.  
 
3.3 Results  
3.3.1 Juvenile recruitment 
The data set used for survival analysis of juveniles to recruitment consisted of 419 birds 
that fledged from either first or second nests of parents that had their perceived risk of 
predation manipulated, during three different study years (for a further breakdown of 
juvenile counts among survival model parameters refer to Appendix 10).  Of these 419 
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juveniles, a total of 47 (11 %) were re-sighted alive as breeding adults the following year 
after they fledged from the nest.   
 
3.3.2 Predation risk effects on recruitment 
Offspring reared in an environment where the perceived risk or predation was 
experimentally elevated had fewer juveniles survive to adulthood.  Of the 47 juveniles re-
sighted alive as adults, slightly more than double were recruits that fledged from nests 
exposed to the non-predator playback treatment (n = 32) compared to the predator 
playback treatment (n = 15).   There was a higher frequency of recruits observed alive 
from the non-predator treatment compared to the predator treatment (χ
2
 = 5.52, df = 1, p = 
0.019) when correcting for the number of female breeders that produced one or more 
juveniles (n= 53 for Non-predator treatment; n= 51 for Predator treatment).  Overall, 
scared females produced 52 % fewer recruits per year compared to females exposed to 
my non-predator playback treatments (Fig. 3.1; t = 2.107, df = 1,102, p = 0.038). 
 
Figure 3-1. Comparison of recruit production per year by female song sparrows exposed 
to either a non-predator (blue with white dots) or predator (red) playback manipulation 
during offspring development.  Recruits represent juveniles that survived to join the 
breeding population. 
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 Cormack Jolly-Seber models also suggested that offspring survival to recruitment 
was lower for offspring reared in the predator playback treatment.  From AIC model 
selection I observed that playback treatment and study year were included in the only 
model selected from all CJS models tested (Table 3.1).  Juvenile survival to recruitment 
was 50 % higher for individuals that were exposed to the non-predator playback 
treatments compared to the predator playback treatment consistently across all study 
years (Fig. 3.2; GEE: Wald χ
2
 = 3.941, df = 1, p = 0.047).  This playback treatment effect 
of juvenile survival to recruitment was further supported when examining the hazard 
function predicted from survival models, wherein individuals from the predator treatment 
were 42 % less likely to be observed alive as recruits compared to the non-predator 
treatment.  Juvenile survival to recruitment also differed among study years, whereby 
survival to recruitment estimates in 2014 were approximately double the values found for 
2010 and 2013 (Fig. 3.2; GEE: Wald χ
2
 = 7.586, df = 2, p = 0.023).  
 
 
Figure 3-2. Comparison of offspring survival to recruitment based upon survival 
estimates from a generalized estimation equation model using the main effects of 
experimental playback treatment manipulations (Non-predator [blue with white dots] vs. 
Predator [red]) and study year as main effects in the model (Table 3.1).  Bars represent 
estimated survival values presented with standard error bars. 
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Table 3-1. Model selection results for the analysis of juvenile survival to recruitment 
(Phi) with models tested with experimental playback treatment (PBTRT: predator vs. 
non-predator treatment) and study year (Year: 2010, 2013, 2014). 
Model Parameters k AICc ΔAICc Weight 
Evidence 
Ratio 
Phi(~PBTRT + Year)p(~1) 7 1108.54 0.00 0.62 1.00 
Phi(~PBTRT + Year)p(~PBTRT) 8 1110.56 2.02 0.23 2.75 
Phi(~PBTRT + Year)p(~Year) 9 1112.59 4.05 0.08 7.56 
Phi(~PBTRT + Year)p(~PBTRT + Year) 10 1114.62 6.07 0.03 20.82 
Phi(~PBTRT * Year)p(~1) 19 1115.07 6.52 0.02 26.10 
Phi(~PBTRT * Year)p(~PBTRT) 20 1117.12 8.58 0.01 72.89 
Phi(~PBTRT + Year )p(~PBTRT * Year) 12 1118.68 10.13 0.00 158.70 
Phi(~PBTRT * Year)p(~Year) 21 1119.18 10.64 0.00 203.98 
Phi(~PBTRT )p(~1) 5 1120.78 12.24 0.00 453.73 
Phi(~PBTRT * Year)p(~PBTRT + Year) 22 1121.24 12.70 0.00 571.35 
Phi(~PBTRT )p(~PBTRT) 6 1122.79 14.25 0.00 1243.27 
Phi(~PBTRT )p(~Year) 7 1124.81 16.27 0.00 3411.82 
Phi(~PBTRT * Year)p(~PBTRT * Year) 24 1125.37 16.82 0.00 4500.75 
Phi(~PBTRT )p(~PBTRT + Year) 8 1126.83 18.29 0.00 9372.17 
Phi(~Year )p(~1) 6 1127.68 19.14 0.00 14335.58 
Phi(~Year )p(~PBTRT) 7 1129.70 21.16 0.00 39340.11 
Phi(~PBTRT )p(~PBTRT * Year) 10 1130.89 22.34 0.00 71040.12 
Phi(~Year )p(~Year) 8 1131.72 23.18 0.00 108066.28 
Phi(~Year )p(~PBTRT + Year) 9 1133.75 25.21 0.00 297449.58 
Phi(~Year )p(~PBTRT * Year) 11 1137.81 29.26 0.00 2260281.68 
Phi(~1)p(~1) 4 1143.88 35.34 0.00 47204510.15 
Phi(~1)p(~PBTRT) 5 1145.90 37.35 0.00 129216519.36 
Phi(~1)p(~Year) 6 1147.91 39.37 0.00 354068161.79 
Phi(~1)p(~PBTRT + Year) 7 1149.03 40.49 0.00 618618918.18 
Phi(~1)p(~PBTRT * Year) 9 1153.08 44.53 0.00 4677361472.69 
Note: All models test for parameter effects on survival (Phi) and recruit re-sight 
probability (p) with parameters being tested for either being represented in brackets 
beside them.  Null models for re-sight probability (p) are represented as (~1).  
 
 The cost of predation risk effects on reducing recruitment by half may have 
further affected prey populations through a potential bias against female recruitment.  
Male recruitment happened at a similar frequency between non-predator (n = 17) and 
predator (n = 10) playback treatments (χ
2 
= 1.81, df = 1, p = 0.178).  Comparatively, I 
found 3-fold more female recruits from the non-predator treatment (n = 15) compared to 
the predator treatment (n = 5) (χ
2 
= 5.00, df = 1, p = 0.025).  However, I cannot 
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conclusively say that there was a female biased mortality in the predator treatment, since 
no significant difference between the male to female sex ratio of recruits was found when 
comparing predator (2:1) and non-predator (~1:1) playback treatments (χ
2 
= 0.77, df = 1, 
p = 0.381). 
 Differences in recruitment between playback treatments appeared to be driven by 
predation risk-induced reductions in juvenile survival and not by others factors like over-
winter survival.  When looking at how the different life-history stages contributed to 
reducing recruitment, I found that of the observed 53 % difference between treatments 
was primarily driven by juvenile survival differences between treatments.  Wherein, I 
found that three quarters of this differential was being driven by survival from fledgling 
to recruitment (37.5 /50 %), followed by nestling survival (10.4 /50 %) and eggs (2.0 /50 
%) when examining these life-history stages independently with survival estimates 
between treatments.  However, there is some evidence to suggest that differences in 
juvenile survival was mostly driven by early juvenile mortality (Chapter 2) because 
juveniles appeared to have similar over-winter survival between playback treatments 
(Table 3.2).   
 
 
Table 3-2. Listing of values used to estimate the number of recruits based upon predation 
risk effects on offspring production in the nest and at different juvenile ages.  Recruit 
estimates for each playback treatment were calculated by multiplying the number of 
breeding females by offspring produced to fledging, juvenile survival to day 49, and a 
over-winter survival estimate that was assumed for juveniles to recruitment.   
*    Values of offspring fledged for each treatment came from Chapter 2 
**  Values for juvenile survival to 49 days post-fledge came from Chapter 2 
***Values for assumed over-winter survival were calculated to get the recruit estimate for 
the predator treatment to equal the values observed in each treatment. 
Value 
Playback treatment 
Non-predator Predator 
# breeding females observed 53 51 
Offspring fledged * 5.8 4.2 
Juvenile survival to day 49 * 61.72% 45.79% 
Assumed over-winter survival**  16.86% 15.29% 
Recruit estimate 32 15 
Recruits observed 32 15 
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3.3.3 In-nest and weather variables influence on survival to 
recruitment 
When comparing individuals seen alive as recruits to individuals not seen, I found no 
difference in any comparisons of nestling measurements or any interaction terms of 
playback treatment with recruit fate (2-way mixed-model ANOVAs, all p-values > 
0.222).  Similarly, when focusing comparisons among only survivors seen as recruits, 
again I found no differences for sex or playback treatments on all nestling measures (body 
mass, fat score, wing chord and tarsus length; all p-values > 0.102).  However, when I 
looked at the within-nest ranking (via body mass, 1= best) I found a sex effect (2-way 
mixed-model ANOVA, F1,40 = 4.937, p = 0.032), whereby females seen as recruits had a 
poorer within-nest rank (2.4 + 0.2) compared to males (1.8 + 0.1).  However, nestling 
rank among survivors showed no significant playback treatment or interaction terms (p-
values > 0.152).  When comparing the frequency of within-nest ranks of survivors 
between treatments, I also observed no difference (χ
2 
= 2.66, df =3, p = 0.447; Appendix 
11).  It should be noted that individuals that were ranked fourth (i.e. worst) in the nest that 
were later seen alive as recruits only came from the non-predator treatment (Appendix 
11).  Also, when comparing survivors I found no difference in the brood size at fledge 
between playback treatments (2-way mixed-model ANOVA, F1,43 = 0.011, p = 0.917) but 
do have a sex effect (2-way mixed-model ANOVA, F1,43 = 4.698, p = 0.036).  Females 
recruits were more likely to come from nests that had larger broods at fledge (3.2 + 0.24 
fledglings) compared to males (2.53 + 0.19 fledglings), which may partially explain the 
sex effect found with females being lower ranked; bigger brood sizes allow for higher 
rankings. 
 When looking at the effects of nestling condition or weather covariates on 
influencing juvenile survival to recruitment I found that nestling measurements were 
selected as better covariates to estimate offspring survival to recruitment than weather 
variables (Table 3.3).  The top model selected had the covariates of nestling weight 
included as a covariates, whereby for every 1 g increase in nestling mass past 16 g when 
measured 6 days post-hatching there was a 37 % greater chance of an individual being 
seen alive as an adult.  After the top model with playback treatment, study year and 
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nestling weight (Table 3.3) came the model with no covariates for predicting survival to 
recruitment.   
 
 
Table 3-3. Model selection results for juvenile survival to recruitment (Phi) with 
covariates added to model including main effects of experimental playback treatment 
(PBTRT), and study year (Year). Weather covariates tested are: ambient temperature 
(Temp), rainfall (Rain) juveniles are exposed to within the first 21 days post-fledging, and 
winter weather (Winter).  In-nest effects tested are: nestling mass (Weight), nestling fat 
score (Fat), inter-brood weight ranking (Rank) and brood size at fledge (Fledge). 
Model Parameters k AICc ΔAICc Weight 
Evidence 
Ratio 
Phi(~PBTRT + Year + Weight)p(~1) 6 291.99 0.00 0.13 1.00 
Phi(~PBTRT + Year)p(~1) 5 292.31 0.31 0.11 1.17 
Phi(~PBTRT + Year + Rank)p(~1) 8 292.58 0.59 0.10 1.34 
Phi(~PBTRT + Year + Fat)p(~1) 6 292.80 0.80 0.09 1.49 
Phi(~PBTRT + Year + Rank + Fat)p(~1) 9 292.83 0.84 0.09 1.52 
Phi(~PBTRT + Year + Weight + Fat)p(~1) 7 293.68 1.69 0.06 2.32 
Phi(~PBTRT + Year + Rain)p(~1) 6 294.06 2.07 0.05 2.82 
Phi(~PBTRT + Year + Temp)p(~1) 6 294.17 2.18 0.04 2.97 
Phi(~PBTRT + Year + Winter)p(~1) 6 294.37 2.37 0.04 3.28 
Phi(~PBTRT + Year + Rank + Fat + Fledge)p(~1) 12 294.74 2.75 0.03 3.96 
Phi(~PBTRT + Year + Rank + Fledge)p(~1) 11 294.77 2.78 0.03 4.01 
Phi(~PBTRT + Year + Rain + Rain2)p(~1) 7 295.09 3.10 0.03 4.71 
Phi(~PBTRT + Year + Fledge)p(~1) 8 295.16 3.17 0.03 4.88 
Phi(~PBTRT + Year + Temp + Rain)p(~1) 7 295.19 3.19 0.03 4.94 
Phi(~PBTRT + Year + Weight + Fledge)p(~1) 9 295.36 3.37 0.02 5.39 
Phi(~PBTRT + Year + Fledge + Fat)p(~1) 9 295.47 3.47 0.02 5.68 
Phi(~PBTRT + Year + Temp + Temp2)p(~1) 7 295.81 3.82 0.02 6.76 
Phi(~PBTRT + Year + Winter + Win2)p(~1) 7 296.44 4.44 0.01 9.22 
Phi(~PBTRT + Year + Weight + Fat + Fledge)p(~1) 10 296.47 4.47 0.01 9.36 
Phi(~PBTRT + Year + Rank + Fledge + FL2)p(~1) 12 296.89 4.90 0.01 11.58 
Phi(~1)p(~1) 2 297.24 5.24 0.01 13.77 
Note: Models seen with a variable with a 2 beside the model parameter, represent models 
testing for quadratic relationships between the variable of interest and juvenile survival to 
recruitment.  The highlighted model represents the model selected previously in Table1 
with no covariates included in the model, acting as the base model for comparisons with 
covariates being included. Models with a parameter of p(~1) represents a null model for 
re-sight probability of recruits.  Only models that were ranked better than the null model 
for both survival and recapture  are displayed in the table. 
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 Following the model that included no covariates (highlighted in Table. 3.3) were 
models using nestling weight rank or fat scores as covariates for predicting survival to 
recruitment, suggesting that effects within the nest on nestling condition had a larger 
influence on the long-term survival of juveniles than abiotic variables tested (e.g. 
temperature and rainfall).  When looking at nestling weight rank, individuals ranked as 
either 2nd or 3rd heaviest were twice as likely to be observed as adults compared to 
nestlings ranked 1st (i.e. best) or 4th (i.e. worst) for mass within their brood.  Nestlings 
that were fatter also were associated with being observed as adults, whereby for every 1 
unit of fat score higher than 5, a nestling was 13% more likely to be observed alive as an 
adult.  Overall, Table 3.3 demonstrates that effects within the nest appear to play a larger 
role in influencing juvenile survival to recruitment compared to weather variables 
experienced shortly after fledging.  Since conditions experienced in the nest seemed to 
better predict survival to recruitment it suggests that costs incurred on physical condition 
during early development could have lasting effects to adulthood.   
 
 
3.3.4 Predation risk effects on adult survival 
From CJS model selection procedures, adult survival was best explained by playback 
treatment, study year and adult sex parameters (Table 3.4).  Specifically, CJS models 
found within a 2.0 evidence ratio selection suggests that playback treatment had 
interactions with study year and adult sex.  These two interactions were confirmed to be 
significant using GEEs on adult survival.  Playback treatments differently affected males 
and females (PBTRT*Sex; GEE: Wald χ
2
 = 4.73, df = 1, p = 0.030), whereby females had  
39 % higher survival in the non-predator treatment compared to the predator treatment, 
while survival of males was 20 % higher in the predator playback treatment compared to 
controls (Fig. 3.3).  When looking at the playback by study year interaction term 
(PBTRT*Year; GEE: Wald χ
2
 = 7.590, df = 2, p = 0.023) survival in the non-predator 
treatment had a v- shape pattern across years (high in 2010, low 2013, high 2014), while 
survival in the predator treatment had a inverted-v pattern across years (highest value in 
2013, compared to 2010 and 2014) (Fig. 3.4). 
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Table 3-4. Model selection results for the analysis of adult survival (Phi)  at study sites 
from one breeding season to the following breeding season.  Models tested included the 
parameters of experimental playback treatment (PBTRT: predator vs. non-predator 
treatment), adult sex (Sex: male vs. female), and study year (Year: 2010, 2013, 2014). 
Model Parameters k AICc ΔAICc Weight Evidence Ratio 
Phi(~PBTRT)p(~1) 3 223.89 0.00 0.23 1.00 
Phi(~Sex)p(~1) 3 224.09 0.21 0.21 1.11 
Phi(~PBTRT * Year)p(~1) 7 225.20 1.32 0.12 1.93 
Phi(~PBTRT * Sex)p(~1) 5 225.26 1.37 0.12 1.98 
Phi(~PBTRT + Sex)p(~1) 4 225.83 1.94 0.09 2.64 
Phi(~Year)p(~1) 4 225.97 2.08 0.08 2.83 
Phi(~Sex * Year)p(~1) 7 226.82 2.94 0.05 4.34 
Phi(~PBTRT + Year)p(~1) 5 227.77 3.89 0.03 6.98 
Phi(~Sex + Year)p(~1) 5 227.87 3.99 0.03 7.34 
Phi(~PBTRT * Sex * Year)p(~1) 13 228.72 4.83 0.02 11.20 
Phi(~PBTRT + Sex + Year)p(~1) 6 229.73 5.84 0.01 18.58 
Note: All models tested for parameter effects on survival (Phi) with parameters being 
tested represented in brackets.  Null models for re-sight probability (p) are represented as 
p(~1).  
 
  
Figure 3-3. Comparison of survival estimates for adult song sparrows (Melospiza 
melodia) from one breeding season to the next based upon an individual's sex and 
predation risk playback treatment.  Female and male adults were exposed to either a non-
predator (blue with white dots) or predator (red) playback treatment.  Bars represent 
estimated survival values presented with standard error bars. 
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Figure 3-4. Comparison of survival estimates for adult song sparrows (Melospiza 
melodia) from one breeding season to the next based upon an the playback treatment an 
individual was exposed to during the breeding season and the year of study they were 
monitored.  Adults were exposed to either a non-predator (blue circles) or predator (red 
squares) playback treatment.  Circles/squares represent estimated survival values 
presented with standard error bars. 
 
 
3.3.5 Predation risk effects on prey population growth rates (λ) 
The net effect of fear on prey can negatively affect prey population growth rates.  Using 
Leslie Matrices to estimate growth rates for populations exposed to either playback 
treatment I observed a 25 % lower population growth rate for the predator playback 
treatment population compared to the non-predator treatment. A population modeled for 
25 years to have fecundity and survival demographic parameters affected by a high 
perceived risk of predation (Fig. 3.5A, L(Pred)) represented a population declining by 
24% each year, with λ = 0.76.  Comparatively, a population modeled to have fecundity 
and survival demographic parameters found in a low predation risk environment (Fig. 
3.5A, L(NP)) represented a population that was basically maintaining itself, since λ = 
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1.02.  The fear of predators can have a profound effect on prey population growth rates, 
such that the costs of fear may cause populations to decline over time. 
 
          
 
 
 
 
 
                            
      
        
        
             
 
 
 
 
         
 
 
 
 
 
                            
      
        
        
             
 
 
 
 
 
          
 
 
 
 
 
                            
        
        
        
             
 
 
 
 
         
 
 
 
 
 
                            
        
        
        
             
 
 
 
 
 
Figure 3-5. Representation of Leslie Matrices using demographic parameters based upon 
females being in a high (Pred= predator playback treatment) or low (NP= non-predator) 
predation risk environment. (A) Leslie matrix vital rate values for fecundity (top row) and 
survival  values (subdiagonal values) for different life-history stages in song sparrows 
(Melospiza melodia).  (B) Sensitivity values for demographic vital rates for fecundity (top 
row) and survival  values (subdiagonal values) for different life-history stages. 
 
 The two parameters that seem to have the largest impact on λ  were juvenile and 
adult survival.  Regardless of the predator playback treatment, sensitivity analysis 
suggested that my playback treatment populations were most sensitive to changes in 
juvenile survival (Fig. 3.5B).  Changes to juvenile survival represented a 3-fold or greater 
effect on changing growth rates compared to any other demographic parameter in the 
Leslie matrix (Fig. 3.5B).  Another factor shared in both playback treatment sensitivity 
matrices was how survival of adults represented the second best demographic parameter 
at affecting λ.   
 Using the calculated growth rate values I performed regression analyses to 
determine the influence of how the variation of each vital rate influenced population 
growth rates and to compare across vital rates.  I constructed 500 population matrices that 
had the value of each vital rate randomly chosen from a uniform distribution bound by the 
values used in Fig. 3.4A.  Values from the non-predator and predator treatment served as 
my upper and lower values for my random distribution for each respective life-history 
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stage's vital rate.  Unlike the simple sensitivity values presented above (Fig. 3.4B), these 
regression analyses allowed me to assess the effect of large, simultaneous, and 
disproportionate changes among my life-history stages had on population growth rates.  
Based upon regression analyses the influence of my examined life-history stages from 
most important to least was: juvenile survival (r
2 
= 0.49), adult survival (r
2 
= 0.26), 
nestling survival (r
2 
= 0.15), egg survival (r
2 
= 0.03), and lastly egg production (r
2 
= 0.01) 
(refer to Fig. 3.6 to see correlations).  Survival of juveniles and adults explained ~75 % of 
the variation for calculated growth rate values suggesting that these life-history stages 
were of greatest importance in this system.  
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Figure 3-6. Correlations of vital rates of different life-history stages of song sparrows 
(Melospiza melodia) used in Leslie Matrixes to predict population growth rate, Lambda 
(λ).  Vital rates correlated with λ are: (A) fecundity, (B) egg survival, (C) nestling 
survival, (D) juvenile survival, and (E) adult survival.  
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3.4 Discussion 
I demonstrated that the predation risk-induced reductions in offspring production I found 
with radio-telemetry (Chapter 2) also persisted to recruitment.  I previously demonstrated 
that fear of predation reduces prey fecundity (i.e. egg production), early offspring survival 
(i.e. egg hatching and nestling survival; Zanette et al. 2011, Chapter 2), and early juvenile 
survival post-fledging (Chapter 2).  Predation risk costs to offspring production from egg 
laying to juveniles aged 7 weeks post-fledging was an estimated 53 % difference between 
females exposed to predator playbacks compared to controls (Chapter 2).  This estimated 
difference between playback treatments matched the 53 % difference I also observed 
when comparing the number of juveniles found alive as adults from playback treatments 
(non-predator n= 32 recruits, predator n= 15 recruits).  Overall, by predation risk effects 
reducing recruitment rates by more than half demonstrates that the fear of predation can 
have substantial impacts on prey population demography by limiting the number of 
recruits to join the breeding population. 
 I did not observe a significant difference in the sex ratio between predation risk 
manipulation groups, but did observe fewer females from the predator treatment.  I 
anticipated that fewer females would survive in the predator treatment, as I know from 
previous work that in food stressed broods individuals of the smaller sex, often being 
females, can suffer high mortality rates (Zanette et al. 2005).  Thus, predation risk 
induced reductions in parental feeding in the nest (Zanette et al. 2011) may be increasing 
nest-mate competition, which may be putting females, the smaller sex, at a disadvantage 
and consequently have a biased mortality rate in the nest (Zanette et al. 2005, Decaire et 
al. 2013), which could potentially carryover to adulthood.  However, I did not find direct 
evidence of skewed sex ratio, except for having 3 times fewer female recruits found from 
my predator playback treatment sites.  This reduction in female recruits could have large 
scale impacts on population growth, as females are the limiting sex of the population.  
Fewer females translate into fewer nesting attempts within a breeding season which can 
influence population stability in an area (Donovan and Thompson 2001).  
 When looking at survival estimates for juveniles to adulthood I observed low 
survival rates overall, but variation among years suggests that recruit survival was not 
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static and may be an area for conservation efforts to help improve population growth 
rates.  When looking at each year separately I observed low survival rates (i.e. >10 %) in 
both 2010 and 2013.  Despite my estimates of survival to adulthood being low for song 
sparrows in some years, my values emulate values that have been previously reported in a 
different population of song sparrows, that fluctuated from lows (e.g. 9 %) and highs (e.g. 
51 %) (Dybala et al. 2013b).  The high and low values demonstrated by Dybala et al. 
(2013b) show that juvenile survival can be quite variable in song sparrows, matching 
what I found when comparing juvenile survival to recruitment in 2014, which was more 
than double the values observed for 2010 and 2013.    
 Differences in juvenile recruitment between playback treatments appeared to be 
driven by predation risk-induced reductions on offspring production in the nest and early 
post-fledging survival (Chapter 2) and not by others factors like over-winter survival.  
The greatest reductions in offspring production between my playback treatments (Chapter 
2) were observed to occur during the nestling period and early juvenile period.  
Furthermore, from radio tracking juveniles I found that juvenile survival between 
playback treatments basically ran parallel to each after the first 3 days post-fledge to the 
end of my monitoring period, 49 days post-fledge (Chapter 2, Fig. 2.6).  Interestingly, this 
pattern of juvenile survival being similar between playback treatments 3 days post-fledge 
appeared to be maintained all the way to juvenile recruitment the following year, 
suggesting that over-winter survival did not differ between playback treatments.  This 
idea of juveniles having equal over-winter survival between my playback treatments was 
supported by calculations suggesting that over-winter survival was indeed similar 
between both playback treatments.   
 Another key finding here was evidence to suggest that predation risk effects not 
only have large impacts on offspring survival, but can impact adult survival, and can have 
a greater effect on the limiting sex (i.e. females).  The 39 % greater female survival in the 
non-predator treatment than my predator treatment emulates results previously found in 
wild-caught snowshoe hares.  MacLeod et al. (2017) found that caged snowshoe hare 
mothers exposed to a trained dog had 30 % lower survival than their controls.  However, 
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unlike their study looking at wildlife caught and held in a cage, I found similar results in a 
free-living animal.   
 A possible mechanism to explain this reduced female survival, is that the females 
in the predator playback treatment likely are becoming physiologically stressed (Travers 
et al. 2010).  It has been previously shown that females exposed to a perceived  increase 
in predation risk do become physiologically stressed (Traver et al. 2010) and eat less 
(Zanette et al. 2013).  Thus, females in my experiments may be "stressed" and this in turn 
may be affecting their survival to the following year.  Overall, this 39 % difference in 
female survival suggests that predation risk effects extend past offspring production, but 
also influences the survival of parents from year-to-year.  The fact that predation risk 
effects may be disproportionately impacting adult female survival is of great concern for 
conservation biology, given that the inequality of sexes in populations is one of the four 
stochastic principles in conservation biology, in terms of population growth and 
extinction probabilities (Kelly et al. 2001, Engen et al. 2003, Melbourne and Hastings 
2008, Cotton and Wedekind 2009). 
 Another intriguing aspect of the adult survival results is how they may be driven 
by difference in the care of offspring post-fledging.  In song sparrows, male and females 
divide the brood apart and focus on feeding the same individuals post-fledging (Smith 
1978).  At the time of fledging, parents seem to equally distribute the work between 
themselves (e.g. four juveniles, each parent cares for two juvenile) (Smith 1978).  
However, when only one offspring survives and fledges from the nest, females often 
provide the sole care to that individual, whereas with larger groups of juveniles (2 to 4 
juveniles) the care of offspring is more evenly distributed between the sexes (Smith 
1978).  Thus, in the predator treatment females may not only have been physiologically 
stressed  (Travers et al. 2010), but also overworked with post-fledging care, which would 
be harder to do with their reduced foraging (Zanette et al. 2013).  Meanwhile, males in 
the predator treatment may provide limited parental care, and would have less work from 
older juveniles, since they had fewer young survive to later ages (Chapter 2).  
Comparatively, in the non-predator treatment males may be strained for the care of older 
juveniles.  At older juvenile ages the care of offspring shifts towards males, largely 
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because females begin to prep for their next nesting attempt (Smith 1978).  So not only 
could males in the non-predator treatment be caring for more young, but their workload 
also may be increased by the fact that older young need more food (e.g. fledglings are fed 
at 44 % higher rates than nestlings; Smith 1978).  So male sparrows in the non-predator 
may be working hard for their offspring and subsequently suffer poorer survival to the 
following year, but they seem to be rewarded for their efforts because more juveniles 
survived to recruitment in the non-predator treatment. 
 From sensitivity analysis both juvenile and adult survival seemed to have the 
greatest effect on prey population growth rates.  Furthermore, juvenile survival 
represented about 50 % of the variation in population growth rates from population 
simulations, followed by adult survival at about 25 % and nestling survival at 15 %  
These results suggest that initiatives aimed to mitigate predator effects on populations 
should be focused on these life-history stages in a terrestrial vertebrates, compared to vital 
rates like fecundity (Crooks et al. 1998, Caswell 2001).  Furthermore, juvenile survival 
represented 50 % of the variation in growth rates, demonstrating that the survival of 
juveniles to recruitment can have a large effect on populations, and thus predation risk-
induced reductions on recruitment concurrently can do the same. 
 Predation risk effects seem to affect multiple life-history stages of a population, 
leading to projected declines in population size over time.  The costs of fear on prey 
fecundity and survival were substantial enough to negatively affect prey population 
growth by -24 % per year.  Comparatively, when predation risk levels were perceived to 
be low, prey populations remained relatively stable (λ = 1. 02), representing a 25 % fold 
difference in population growth rates between populations in either a high predation risk 
or low predation risk environment.  Overall, based on predation risk effects being strong 
enough to a predict declines in a population provides evidence to suggests that predation 
risk effects do indeed scale up to population level effects.  Thus, predation risk effects 
should be taken into consideration for future demographic models for conservation and 
wildlife management decisions pertaining to the control or reintroduction of species, be it 
for predators or prey (Longcore et al. 2009).    
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Chapter 4  
4 Assessing perceived predation risk effects on juvenile 
movement at different ages: linking movement with 
survival 
4.1 Introduction 
Prey can perceive their risk of predation within their environment across space and time 
and based upon this spatial heterogeneity of predators prey can make trade-offs to avoid 
certain areas in their environment to minimize their risk of being killed (Brown et al. 
1999, Lanundé et al. 2014 , Auto and O'Connell 2017).  For example, elk will forgo 
foraging in areas with high quality food and in turn forage in areas of poorer food quality 
because the better foraging areas have a higher risk of encountering and being killed by 
predators (reviewed in Creel and Christianson 2008).  Moreover, several prey species 
attempt to temporally avoid predators by foraging during time periods when predators are 
less active (e.g. during the night; reviewed in Caro 2005, Lima 2009).  The perceived risk 
of predation can similarly affect other prey movement-related behaviours, like dispersal 
decisions,  habitat selection, and micro-habitat selection (reviewed in Lima 2009).  
Consequently, the fear of predators has been argued to be one of the primary factors 
affecting prey spatial use and movement patterns across multiple taxa of species (Luttbeg 
and Kerby 2005, Cresswell 2008, Matassa and Trussell 2011, Laundré et al., 2014).   
 While the literature presents many examples of predation risk effects on adult 
movement (Fortin et al. 2005; reviewed in Creel and Christianson 2008, Lima 2009), few 
studies have assessed fear effects on juvenile movement.  Adult prey often respond to 
increases in predation risk by having larger home ranges to spatially avoid running into a 
predator (Anderson et al. 2005; reviewed in Creel and Christianson 2008, Lima 2009).  
Prey also can avoid predators temporally by selecting to access foraging areas during the 
times of the day that predators are least likely to be present (reviewed in Caro 2005, Creel 
and Christianson 2008, Lima 2009).  However, the ability to avoid predators with changes 
in prey movement behaviour observed in adults, either spatially or temporally, may not be 
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an option for young dependent juveniles who are reliant upon parents for both food 
supplementation and protection from predators (Panzacchi  et al. 2009, van Overveld et 
al. 2011).  For example, young juveniles may have high metabolisms requiring a more 
consistent intake of food for their rapidly growing bodies (Naef-Daenzer  and Grüebler 
2016).  High metabolic demands may require young offspring to forage at riskier times.  
Furthermore, young juveniles often have limited mobility, and thus are unable to move 
large distances to spatially avoid predators compared to full-grown adults (Naef-Daenzer 
and Grüebler 2008, Panzacchi  et al. 2009, Dybala et al. 2013). Despite, the limited ability 
of younger juveniles to spatially avoid predators their short-comings may be buffered by 
their parents (Dybala et al. 2013).   
 Despite the bias in the literature on assessing predation risk affects on parental 
feedings rates (reviewed in Cox et al. 2014) there is some evidence to suggest that parents 
may try to reduce the risk of predation to their mobile offspring by either physically 
moving individuals or persuading juveniles to follow parents away from predators (van 
Overveld et al. 2011).    In birds, parents are able to communicate with their offspring at 
an early age (i.e. nestlings) about predation risk and threats (reviewed in Magrath et al. 
2010).  Not only can parents inform offspring about the type of predator threat, but 
offspring can behaviourally respond to different predator threats communicated to them.  
For example, great tit (Parus major) parents use two distinctive alarm calls to inform 
nestlings of either a crow or snake being near the nest (Suzuki 2011).  Nestling great tits 
respond to parental alarm calls by staying low/hiding in the nest when hearing crow alarm 
calls (i.e. visual predator), versus leaving the nest in response to the snake alarm call (i.e. 
olfactory and tactile predator) (Suzuki 2011).  Thus, parents also may use post-fledging 
movement strategies to minimize the predation risk of juveniles, like increasing home 
range size of juveniles; emulating what has been observed with adults (Anders 1998, 
Lima 2009).  However, post-fledging movement strategies used by parents may be more 
complex, wherein parents might keep siblings spatially separated from each other to 
minimize the risk of predators getting more than one of their dependent juveniles at the 
same time (Naef-Daenzer and Grüebler 2008, van Overveld et al. 2011).  Furthermore, an 
individual's familiarity with the local area might influence parental movement patterns of 
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juveniles because breeding pairs typically hold small and seasonal breeding territories 
(Yoder et al. 2004, van Overveld et al. 2011). 
 Post-independence from parental care the perceived risk of predation may 
influence the movement pattern decisions made by juveniles themselves.  Independent 
juveniles may respond in a similar fashion to predation risk as adults by avoiding areas of 
high predation risk (Lima 2009).  Thus, one may anticipate that independent juveniles 
may use larger home ranges sizes in response to elevated predation risk to help minimize 
their encounter rate with predators (reviewed in Lima 2009).  Comparatively, juveniles 
may simply avoid areas perceived to have a high risk of predation by moving to a new 
area, emulating responses observed in adults (reviewed in Lima 2009).  However, 
familiarity with the local area might be "safer" for older juveniles since movement to new 
areas may be inherently risky, since individuals must learn where food is located and 
reassess predation risk levels within a new area (Reed et al. 1999, Yoder et al. 2004). 
 The concept that the perceived risk of predation may influence juvenile movement 
remains largely untested in juveniles (van Overveld et al. 2011, Cox et al. 2014, Naef-
Daenzer  and Grüebler 2016).  Thus, a primary focus of this paper is to assess how the 
perceived risk of predation affects juvenile song sparrow (Melospiza melodia) movement 
behaviour (e.g. home range size) at different juvenile ages.  The effect of perceived 
predation risk on juvenile movement was assessed by comparing the movement of 
juvenile song sparrows experimentally exposed to either a high or low predation risk 
treatments using audio playbacks to manipulate the perceived risk of predation at multiple 
study sites (Appendix 1).  The effects of predation risk on juvenile movement were 
examined at three different age groups: 1) during juvenile dependency period, 2) post-
independence from parental care, and 3) dispersal at recruitment.  This would allow me to 
examine if predation risk-induced effects on juvenile movement was influenced by their 
parents or themselves, and testing for potential effects of juvenile movement on 
populations via dispersal decisions (i.e. immigration or emigration).   
 Furthermore, I assessed how movement patterns exhibited by juveniles influenced 
their survival post-fledging.  I tested if recently fledged juveniles' mobility was related to 
early juvenile survival.  Basically, I tested if mobility was related to early juvenile 
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survival because this metric could serve as another proxy of juvenile condition and may 
help to mechanistically explain the elevated death rate I previously observed shortly after 
fledging in my high predation risk treatment (Chapter 2).  Individuals that died early post-
fledging in the high predation risk treatment were in poorer condition (Chapter 2), thus I 
anticipate that these individuals had poorer mobility (i.e. could not move as far) than 
survivors.  Additionally, I examined if juvenile movement post-independence from 
parents was predictive of juvenile survival.  I predicted that juveniles reared in a high 
predation risk environment may be more likely to leave their natal site at younger ages 
post-independence from parents in an attempt to leave areas of high predation risk 
quickly.  However, by fleeing from the high predation risk areas juveniles may 
inadvertently expose themselves to an elevated risk of death because they are less 
experienced to living on their own, especially in an unknown area (Yoder et al. 2004). 
Thus, I also tested if movement into an new, unfamiliar area influenced juvenile survival 
(Yoder et al. 2004). 
 
4.2 Methods 
4.2.1 Movement data description  
After individuals fledged from the nest they were radio tracked every second day to 
record movement data.  The primary data used for juvenile movement analysis was 
Universal Transverse Mercator (UTM) coordinates taken of juvenile song sparrows 
measured in the Gulf Islands National Park, BC, Canada (i.e. UTM zone 10 N).  Every 
UTM coordinate recorded was measured with a Garmin eTrex 10 (Garmin Corp, Kansas, 
USA) global positioning device.  Juvenile UTM coordinates were displayed from excel 
worksheets as X, Y data points (Easting, Northing, respectively) and then converted into a 
shapefile for home range analyses.  All juvenile movement data was collected only during 
the study years of 2013 and 2014, since no radio tracking of juveniles was performed in 
the study year of 2010. 
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Secondary data collected and used for movement analysis were orthoimages and 
map information data (i.e. white outline of islands in study area map; Appendix 1).  
Orthoimages used to display study areas were collected from the CRD atlas 
(http://viewer.crdatlas.ca/public#/Home).  Data was requested from Natural Resources 
Canada (NRC) Geospatial data website (http://geogratis.gc.ca/site/eng/extraction 
geogratis).  Files used for analysis from NRC were: canvec_150318_185317_shp and 
canvec_150318_185421_shp.  The two orthoimage shapefiles that were collected covered 
the entire study area with a maximum resolution of 20 x 20 m (i.e. raster cell sizes; 
Whittaker and Marzluff 2009). 
   
4.2.2 GIS functions and statistics 
To perform movement and home range analyses of juveniles I downloaded and used 
Hawth's Analysis tools (Beyer 2004) for home range analysis in ArcMap 9.2 (following 
Anderson et al. 2005, Templeton et al. 2012).  I performed home range analyses using 
minimum convex polygon and fixed kernel density estimator (KDE) functions.  All home 
ranges were calculated while using the unique identity values (i.e. leg-band combination) 
for each juvenile to keep treatment groups blind while determining home range  sizes.  
Convex polygons were calculated by using UTM locations specified by juvenile identity 
to create polygons of juvenile movements (Appendix 12).  Convex polygons simply 
create a polygon connecting the outermost UTM locations of an individual to form a 
polygonal shape (Appendix 12), requiring a minimum of three UTM locations per 
individual (Anders et al. 1998, Beyer 2004).  Convex polygons were used to represent an 
estimate of the maximum area that a juvenile moved during the monitoring period 
(Anders et al. 1998).     
 Areas calculated from KDEs were generated using Hawth's Tool Extension for 
ArcMap 9.2 (Beyer 2004).  Raster cell sizes of 20 x 20 m were used for KDEs since that 
was the maximum resolution I could get for my study area (Whittaker and Marzluff 2009, 
Templeton et al. 2012).  Home range sizes were calculated from the 95 percent volume 
contours for each individual juvenile using Hawth's Tools to measure the contour 
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polygons area (m
2
).  Fixed kernel density estimate utilization distributions were made 
using UTM locations specified by parental identity (i.e. for dependent period) along with 
the unique leg-band colour combinations of each juvenile for movement patterns as two 
stages, dependent and independent juveniles.   
 To estimate the smoothing parameter (h) for KDE analysis I used Animal Space 
Use 1.3 Beta (Horne and Garton 2007) following Templeton et al. (2012).  I compared 
values of h using either likelihood cross-validation (CVh) or least squares cross-
validation (LSCVh) (Horne and Garton 2006, Templeton et al. 2012).  I used the CVh 
method based upon recommendations in the literature for using samples of less than 50 
UTM locations (Horne and Garton 2006).  Also, the CVh method provided more reliable 
and better fitting distribution (i.e. 95% contours that did not isolate too many single points 
and be deemed too narrow) (Whittaker and Marzluff 2009, Templeton et al. 2012). 
 
4.2.3 Dependent juvenile movement statistics 
For comparisons of dependent juvenile movement measures I used mixed-model 
ANCOVA's.  For all of my mixed-model ANCOVA's analyses of dependent juvenile 
movement I controlled for the parental identity of juveniles as a random factor, since 
parents may influence dependent juvenile movement patterns (Naef-Daenzer and 
Grüebler 2008, van Overveld et al. 2011).  Statistical models also included tests for 
playback treatment effects (Predator vs. Non-predator), nest effects (nest 1 vs. nest 2 of 
females), and study year effects (2013 vs. 2014).  I anticipated that dependent juveniles 
may display larger home range areas when exposed to predator playbacks because parents 
may keep moving offspring around to avoid predators being able to cue into the location 
were parents go to feed their offspring post-fledging (Naef-Daenzer and Grüebler 2008, 
van Overveld et al. 2011). I also tested if the numeric nest attempt of a female in the 
season influenced each variable of interest because previous work suggests that 
differences between juveniles from different nest attempts may exist (Hochachka 1990).  
Additionally, I included the year of the study to test if observed difference depend on 
when predation risk was manipulated during the nesting cycle (i.e. entire breeding season 
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in 2013 compared to just brood-rearing period in 2014; playback treatment by year 
interaction) and/or year effects (i.e. main effect of year).  
 For comparisons of dependent juvenile max area (i.e. convex polygons) and KDE 
home range sizes I used mixed-model ANCOVA's that corrected for the number of UTM 
locations collected per sibling pair or individual, and the territory size of parents.  For 
comparisons of max area and KDE home range sizes of dependent juveniles I ran models 
with juvenile siblings UTM locations being pooled among siblings from the same parent 
and nest attempt (n= 82), but also explored for differences when max area and home 
range were calculated independently per individual juvenile (n= 115).  For both data sets 
(i.e. siblings pooled vs. treated independent) I corrected for the number of UTM locations 
because it controlled for the length of monitoring per individual (i.e. more UTM locations 
= older and surviving juvenile).  Also, correcting for the number of UTM locations 
corrected for the number of individuals used to estimate the home ranges of dependent 
juveniles when data was pooled among sibling pairs (n= 29).  Additionally, for dependent 
juvenile movement patterns I corrected for the half way distance between their parent's 
nest and their parent's nearest neighbours' nest as proxy measure of a breeding pairs' 
territory radius size.  Thereby, allowing me to statistical treat all territories as similar 
shapes (i.e. circles) and correct for how parent's movement of juveniles may be limited by 
their proximity to their nearest neighbour.  Correcting for proximity to neighbours is 
necessary because breeding song sparrow pairs will confront other song sparrows that 
enter into their established breeding territory (Zanette et al. 2006 a,b).  Thus, closer 
neighbours may limit the movement of parents, and therefore juveniles, compared to 
parents with larger territories.  On average parents had a half way distance between their 
active nest and their nearest neighbours' concurrent nest of 35.1 + 2.1 m (mean + SE). 
 Lastly, the amount of overlap between home ranges for dependent juvenile 
siblings that were nest-mates was compared to test if parents were spatially separating 
juveniles.  I anticipated that parents in the high predation risk treatment would aim to 
keep their juveniles spatially separated because predators used in my playbacks were 
larger than song sparrows and most would kill all individuals if they could get them, as 
observed in past studies of nest predation (e.g. crows, raccoons, mink, etc...; Groves 
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2009).  Only in instances when I had radio tagged two individuals from the same nest and 
both siblings survived to the end of the parental dependency period (n= 29) were included 
for the analysis of home range overlap.  The amount of overlap area (m
2
) was calculated 
in ArcMap using overlap calculations.  I also calculated the total percentage of overlap 
between siblings among their combined home range area.  For these home range overlap 
comparisons I used the same mixed-model ANCOVAs as described earlier when 
comparing dependent juvenile convex polygons or KDE home range sizes. 
  
4.2.4 Independent juvenile movement statistics 
Comparisons of convex polygons (i.e. maximum area) and KDE home range sizes of 
independent juveniles were made using mixed-model ANCOVAs similar to those 
described in section 4.2.3 (i.e. parameters tested: playback treatment, female nest number, 
and study year).  However, for independent juvenile comparisons of maximum area and 
KDEs used mixed-model ACOVAs that also corrected for the random factor of natal site; 
the island a juvenile was raised on (e.g. Brakman island; Appendix 1).  I corrected for 
natal site identity as a random factor because some individuals that survived to the end of 
the study never left their natal site, which could constrict their spatial use, since some 
individuals lived on islands of difference sizes. For independent juvenile comparisons I 
did not correct for the half way distance between parent's nest and nearest neighbours' 
nest because independent juveniles are largely treated indifferently by breeding adults, 
except for the occasional physical altercation from male territory holders (based on 
anecdotal observations).  For independent juvenile movement comparisons samples used 
were limited to only include individuals that we were able to continuously relocated until 
the end of the study monitoring period (n= 67). 
 In addition to calculating the home range size of individuals, I also made 
comparisons of independent juvenile movements away from the nest.  For each juvenile 
UTM locations I calculated how far away (m) an individual was from the nest in which 
they fledged from because playbacks were broadcast around the nest.  Thus, I anticipated 
that juveniles in the predator treatment would move further away from their nest-sites 
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compared to controls, to avoid being near a high predation risk area.  I compared the 
average and maximum distances each independent juvenile was from their natal nest-site.  
Additionally, I examined the distance individuals moved between subsequent UTM 
locations for each juvenile (e.g. distance between UTM taken at age 60 and 62 days post-
fledge).  Using these distances between each subsequent UTM coordinate, I calculated the 
average, maximum, and total (i.e. sum) distance moved for each juvenile song sparrow.  
For the average and maximum distances moved between subsequent UTM locations I 
corrected for the number of days between UTM observations to calculate a rate of 
movement (m/day), since some re-sightings of individuals took longer than 2 days on 
occasion (e.g. 4 days).  All distances calculated between UTM locations were calculated 
in ArcMap using Hawth's Analysis tools (Beyer 2004) distance between points function. 
 I wanted to test if the frequency and timing of when individuals left their natal site 
differed between playback treatment manipulations.  Without the benefit of parental care, 
it may be more beneficial (e.g. less stressful) to move away from areas perceived to have 
a high risk of predation (Lima 2009).  Thus, I anticipated that post-independence, 
juveniles would leave the high predation risk study sites at a greater frequency and at 
younger ages, to move to areas of lower perceived predation risk (i.e. no playbacks or 
non-predator study sites).  For these analyses I compared the age at which an individual 
left their natal site for all individuals observed to do so (n= 43).   
 Some individuals that did leave their natal site moved to multiple new locales 
within the study area.  I defined an individual moving to a new location when any 
movement greater than 630 m occurred between subsequent UTM coordinates measured 
for any individual juvenile (Yoder et al. 2004).  This distance of 630 m was used to 
signify that a juvenile moved to a new area since this value represents the median natal 
dispersal distance observed by song sparrows at my study sites from past study years (i.e. 
2000-2015).  Based on this definition of an individual being considered to have moved to 
a new area (i.e. moving 630 m away from previous UTM), I counted the number of 630+ 
m changes in locations that each individual performed between playback treatments.  For 
these comparisons I used mixed-model ANOVAs that included an individual's natal site 
location as a random factor. 
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4.2.5 Juvenile movement and survival statistics 
Juveniles in the predator treatment had lower survival within the first week post-fledge 
compared to juveniles from the non-predator treatment (Chapter 2).  Expanding on the 
this finding I tested if juvenile movement within the first week post-fledge was predictive 
of survival during this time period.  Dybala et al. (2013) previously demonstrated that the 
mobility of young juveniles (i.e. maximum distance a juvenile moved away from the nest 
they fledged from) can influence survival in juvenile song sparrows.  Following Dybala et 
al. (2013), I tested if the maximum distance an individual moved during the first week 
post-fledge predicted survival, and if this was dependent on the playback treatment a 
juvenile came from.  I performed a Cox-proportional hazard (CPH) models during the 
first week post-fledge to compare survival estimates between playback treatments and 
evaluate if the covariate of juvenile mobility was predictive of survival.  The CPH model 
found a significant model effect (Wald Chi-square test: χ
2
 = 27.08, df = 1, p < 0.001) with 
a near significant playback treatment and fate interaction (Wald Chi-square test: χ
2
 = 
3.75, df = 1, p = 0.053).  For ease of presentation and interpretation, I reported in the 
results the analysis of juvenile mobility using a mixed-model ANCOVA correcting for 
the covariates of number of UTM locations taken per individual, along with the random 
factors of parental and natal site identity.  
 For survival of independent juveniles I was interested if the movement of 
juveniles influenced survival based upon what playback treatment they were reared in 
using Cox proportional hazard (CPH) models (following Yoder et al. 2004, Berkeley et 
al. 2007,  Whittaker and Marzluff 2009).  Some individuals (n = 20) entered the survival 
monitoring at later ages and I adjusted for this using a staggered entry design for my CPH 
survival model (Pollock et al. 1989, Tsai et al. 1999).  This staggered entry design made 
these later entry individuals be treated as left-censored and only began to influence 
survival curves at the age post-fledge they began to be monitored (Pollock et al. 1989, 
Tsai et al. 1999).  For these survival comparisons I restricted my samples to only 
individuals that reached independence from parental care (n = 86).  Any individuals that I 
could not conclusively determine their fate (i.e. dead or alive) was right-censored, ceasing 
to affect the survival curves at the age they were last seen alive. 
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 A CPH model was designed to test if post-fledging survival differed between 
individuals based upon the following variables: playback treatment (predator or non-
predator), left their natal site (yes or no), being located within a familiar site (yes or no), 
and an individual's rate of movement (m/day).  I defined an individual being at an 
unfamiliar site if their final UTM location was 630 m area from a previous locale, that 
they had been at within the previous two weeks (similar to Yoder et al 2004).  The 
covariate of movement rate was calculated as the distance moved between subsequent 
UTM locations observed within the week prior to an individual's final fate (following 
Yoder et al. 2004).  I reported only a basic model including only the main effects for each 
parameter (i.e. no interactions) following Yoder et al. (2004).   
 
4.2.6 Natal dispersal 
After each year of playback manipulations study sites were surveyed for juveniles that 
survived to become adults the following year to determine natal dispersal patterns.  For 
details on surveying methods refer to section 3.2.2. When juveniles were found as new 
recruits into the populations a UTM coordinate was recorded at the location they were 
first sighted as an adult.  Natal dispersal distances were calculated as the straight line 
distance (m) between the UTM coordinate recorded from when a recruit was first seen 
alive and the UTM coordinate of the nest that they fledged from (following Greenwood 
and Harvey 1982, Bowler and Benton 2005).  For statistical analysis of dispersal 
distances, I tested for playback treatment, study year and sex effects in a full 3-way 
factorial mixed-model ANOVA that controlled for the random variable of the study site 
that recruits fledged from.  I predicted that juveniles reared in a high predation risk 
environment would move greater distances away from their natal site, mirroring what has 
been observed in migratory adults returning to the breeding sites perceived to have a high 
risk of predation (Fontaine and Martin 2006; Forsman and Martin 2009; Lima 2009; 
Emmering and Schmidt 2011).  I tested for a sex effect since females typically have 
greater natal dispersal distance than males, a well established fact in avian species 
(Greenwood 1980, Greenwood and Harvey 1982, Bowler and Benton 2005).   
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4.2.7 General statistical notes 
For all parametric comparisons I tested for the assumptions of normality and homogeneity 
of variances.  For survival analyses, all CPH models were verified to meet the assumption 
of proportional hazards for all categorical variables (following Grambsch and Therneau 
1994).  For comparisons of any frequencies Chi-square tests were used.  Statistical 
analyses were performed in Statistica 6.0 (StatSoft, Tulsa, Oklahoma, U.S.A.)  and SAS 
9.4 (SAS Institute Inc., Cary, NC, USA).  For all tests alpha was set at 0.05 and had two-
tailed p-values reported.  For the results section I presented only significant effects, along 
with discussing any near significant effects (i.e. 0.05 < p < 0.10).  All values are 
presented as means + standard error of untransformed data for ease of interpretation. 
 
4.3 Results 
4.3.1 Dependent juvenile movement 
The total area used by juveniles while they were dependent upon their parents did not 
differ between playback treatments.  There was no difference in the maximum area (i.e. 
convex polygon area) between individuals from the predator (5,011.0 + 855.1 m
2
) or non-
predator treatment (3,722.4 + 713.6 m
2
; mixed-model ANCOVA: F1,74 = 1.284, p = 
0.261).  Similarly, there was no difference in the home range sizes between juveniles 
from either the predator (2,414.9 + 135.7 m
2
) or non-predator playback treatment (2,399.6 
+ 113.2 m
2
) based upon KDE comparisons (mixed-model ANCOVA: F1,74 = 0.007, p = 
0.934).  Even when treating siblings from the same nest as independent data points for 
analyses I still found no difference between playback treatments for home range sizes 
using either the convex polygon or KDE methods (p-values > 0.604). 
 Parents exposed to predator playbacks appeared to have a lower risk of losing 
multiple offspring in one predator attack post-fledge because juvenile siblings were  
further apart from each other than controls.  Overlap between sibling home range sizes 
when exposed to the predator treatment were half the amount of sibling overlap found in 
the non-predator treatment, when examined as either a percentage (mixed-model 
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ANCOVA, F1,21 = 8.841, p = 0.007, Fig. 4.1A) or area of overlap (mixed-model 
ANOCVA, F1,21 = 10.895,  p = 0.003, Fig. 4.1B).   
 
Figure 4-1. Effects of perceived predation risk on the shared home range percentage and 
area of dependent juvenile song sparrows (Melospiza melodia).  A) Comparison of the 
percentage of home range is shared/overlapping between juvenile sibling pairs exposed to 
non-predator or predator playbacks(F1,21 = 8.841, p = 0.007); B) Comparison of the total 
home range area (m2) shared/overlapping between juvenile sibling pairs exposed to non-
predator or predator playbacks (F1,21 = 10.895,  p = 0.003).  Bars represent mean values 
presented with standard error bars. 
 
4.3.2 Independent juvenile movement 
Similar to the spatial area patterns found in the dependent period of juveniles, I also found 
no difference in space use by juveniles from either playback treatment post-independence 
from parents.  No difference in the maximum area (i.e. convex polygon area) used by 
independent juveniles in either the predator treatment (209,220.3 + 67,572.3 m
2
) or non-
predator treatment (153,867.1 + 68,720.2 m
2
) was found (mixed-model ANCOVA: F1,55 = 
0.520, p = 0.474).  Similarly, the estimated KDE home range sizes used by independent 
juveniles did not differ between playback treatments (predator: 3,019.6 + 837.9 m
2
; non-
predator treatment: 3,188.9 + 849.9 m
2
; mixed-model ANCOVA: F1,55 = 0.031, p = 
0.862). 
121 
 
 When looking at movement among independent juveniles from either the predator 
or non-predator treatment I found no difference for movement away from the nest.  When 
looking at the average distance that independent juveniles moved away from the nest I 
found no playback treatment effect (Predator: 196.7 + 47.6 m vs. Non-predator: 211.9 + 
47.0 m; mixed-model ANCOVA: F1,55 = 0.064, p = 0.801).  Similarly, no difference was 
found when comparing the maximum distance juveniles moved away from their natal 
nest-sites between playback treatments (Predator: 595.4 + 105.9 m vs. Non-predator: 
531.7 + 103.3 m; mixed-model ANCOVA: F1,55 = 0.221, p = 0.640).  It should be noted, 
that for both treatments the maximum distance an independent juveniles was observed 
away from the nest varied greatly in range from 96.6 to 1,825.6 m for survivors 
monitored until the end of the study period.   
 Independent juveniles from either playback treatment did not differ in movement 
distances or rates observed between subsequent re-sightings post-fledge.  Independent 
juveniles from the predator treatment (77.4 + 10.3 m) moved on average the same 
distance between radio tracking sightings as juveniles from the non-predator treatment 
(82.1 + 10.4 m; mixed-model ANCOVA: F1,55 = 0.148, p = 0.702).  When comparing the 
maximum values moved between re-sightings of individuals, I again found no difference 
between independent juveniles from the predator (547.7 + 103.7 m) or non-predator 
treatments (486.8 + 100.7 m; mixed-model ANCOVA: F1,55 = 0.208, p = 0.650).  A lack 
of a difference between playback treatments for the average or maximum distance moved 
between subsequent UTM locations of juveniles was maintained when comparing these 
values as a rate (m/day)(Average: mixed-model ANCOVA: F1,55 = 0.936, p = 0.338; 
Maximum: mixed-model ANCOVA: F1,55 = 0.356, p = 0.554).  Lastly, when I compared 
the total distance that independent juveniles moved between all subsequent UTM 
locations throughout the monitoring period I found no difference between playback 
treatments (Predator: 2.480 + 0.317 km vs. Non-predator: 2.586 + 0.318 km; mixed-
model ANCOVA: F1,55 = 0.076, p = 0.783). 
 Independent juveniles from either the predator or non-predator playback 
treatments showed similar movement patterns within or away from natal sites.  The basic 
movement patterns largely observed in the study were demonstrated by two individuals in 
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Appendix 13.  Some individuals spent the entire monitoring period (May to August) 
within a single study site and never left their natal site, comparatively, other individuals 
shifted from their natal site to a new area that they then would stay at (Appendix 13). An 
example to help demonstrate this pattern is how the max distance moved between 
subsequent UTM locations for independent juveniles tracked for the entire monitoring 
period ranged from 62.9 to 1,706.9 m.   There was no difference in the frequency of 
juveniles staying or leaving their natal site when comparing juveniles from the predator 
(21.35 % stay vs. 26.97 % left) or non-predator treatment (28.09 % stay vs. 23.60 % left; 
Chi-square test: χ
2 
= 0.920, p = 0.338).   
 For the individuals that did leave their natal site, I found no difference in the age 
post-fledge at which they made this expedition between juveniles in the predator (33.2 + 
5.6 days post-fledge) or non-predator treatment (34.3 + 5.8 days post-fledge; mixed-
model ANOVA F1,32 = 0.022, p = 0.884).  Juveniles on average only shifted once from 
their natal site into an unfamiliar site/area, with no difference observed between 
treatments (Predator: 1.2 + 0.3 site changes; Non-predator: 0.9 + 0.3 site changes; mixed-
model ANCOVA: F1,77 = 0.394, p = 0.533).  The number of shifts into unfamiliar sites 
ranged from 0 to 5 site shifts for juveniles from either treatment.  A demonstration of the 
extreme movements of some juveniles shifting 0 to 5 times was demonstrated by how the 
range of the total distance that juveniles moved between subsequent UTM locations 
differed by tenfold (i.e. from 774.8 to 7,673.7 m moved by an independent juvenile). 
 
4.3.3 Juvenile movement and survival 
Dependent juveniles that were more mobile during the first week post-fledge were better 
able to survive during this high period of mortality (Chapter 2; Fig. 4.2).  Recently 
fledged juveniles mobility influenced their fate (dead vs. alive) as I found a significant 
playback treatment by fate interaction (mixed-model ANOVA: F1,127 = 5.335, p = 0.023; 
Fig. 4.2).  Dependent juveniles in the predator treatment that died within the first week 
post-fledge had lower mobility than survivors in the predator playback treatment (Fig. 
4.2).  Consequently, this reduced mobility likely contributed to the biased death by 
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predators in the first week post-fledge in the predator treatment (17 deaths, 14 by 
predators, 3 by starvation; χ
2
 = 7.118, df = 1, p = 0.008; data is from Table 2.3 in Chapter 
2).  Whereas, in the non-predator treatment, I observed no difference in the mobility of 
young juveniles that survived or died  (Fig. 4.2) and found no bias in how individuals 
died during the first week post-fledge (6 deaths, 3 by predators, 3 by starvation).   
 
Figure 4-2. Comparison of juvenile mobility (max distance [m] moved from nest) over 
the course of the first week post-fledging when exposed to the non-predator (blue with 
white dots) or predator (red) playback treatments compared between individuals that 
stayed survived or died within the first week post-fledge.  Bars represent mean values 
presented with standard error bars. 
   
 The movement of juveniles within or away from their natal territory influenced 
the survival of independent juveniles (Table 4.1).  There was no observable difference in 
survival among independent juveniles between playback treatments (Table 4.1), as 
previously reported during the independence period of juveniles (Chapter 2).  Individuals 
that stayed within their natal site had lower survival (38.30 + 19.53 %) compared to 
individuals that left their natal site (65.68 + 16.98 %; Table 4.1).  However, this result 
was likely an artifact of the fact that individuals were more likely to die within their natal 
site before they had a chance to leave. 
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Table 4-1. Breakdown of parameter results for Cox-proportional hazard model of 
independent juvenile survival of song sparrows (Melospiza melodia).  Parameters 
included in table are: playback treatment (Predator vs. Non-predator), Leave natal site 
(yes or no), Familiar site (yes or no), and movement rate (distance moved between 
subsequent UTM locations over the last week of monitoring). Hazard ratio values greater 
than 1.0 represent parameters that will lead to a higher risk of an individual to die, while 
hazard ratio values lower than 1.0 represent parameter values with a lower risk of death 
(i.e. will survive).  Hazard ratio are reported based on the reported level of effect, and 
should be compared to the opposing level of effect (e.g. non-predator [NP] playback 
treatment [0.857] have a lower risk of death compared to juveniles in the predator 
treatment). 
Parameter Level Parameter 
  
Hazard 
 
of effect estimate Wald χ
2
 p-value ratio 
Playback treatment NP -0.077 0.165 0.685 0.857 
Leave natal site No 1.506 8.502 0.004 20.337 
Familiar site Yes -1.341 6.175 0.013 0.068 
Movement rate    0.002 4.669 0.031 1.002 
 
 Although independent juveniles that left their natal site had higher survival, the 
act of leaving a natal site and moving to an unfamiliar site did incur a risk to an 
individual's survival (Table 4.1).  Survival for individuals classified as being in an 
unfamiliar site had a lower survival values (30.60 + 24.59 %) compared to individuals 
that were last observed within a familiar site (59.26 + 15.57 %; Table 4.1).  Further 
evidence to help demonstrate that moving to an unfamiliar site was risky was how 
independent juveniles that died in an unfamiliar location died on average within 3.6 + 6.1 
days of moving to an unfamiliar site, compared to survivors who on average were within 
a familiar site for 45.7 + 3.0 days (ANOVA: F1,82 = 38.932, p < 0.001).  The expedition of 
juveniles leaving their natal site to an unfamiliar site may be partially mitigated by 
waiting to leave when individuals were older in age because individuals that died left 
their natal site at younger ages (27.8 + 4.1 days post-fledge) compared to the survivors, 
who left at older ages (39.2 + 2.5 days post-fledge; ANOVA; F1,39 = 5.712, p = 0.022).   
 The last significant parameter to predict the fate of independent juveniles was an 
individual's movement rate within the past week (Table 4.1).  Juveniles that were moving 
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around more (e.g. go to new unfamiliar sites) were the individuals that died compared to 
individuals moving around less (i.e. lower movement rate) (Fig. 4.3; ANOVA: F1,82 = 
9.595, p = 0.003).  Overall, juveniles opting to venture out to new areas risk death, 
regardless of what predation risk treatment they were reared in. 
 
Figure 4-3. Comparison of movement rate (m/day) moved by juveniles within the last 
week of survival monitoring period between independent juvenile song sparrows 
(Melospiza melodia) that survived (green) or died (yellow) during the study monitoring 
period (May to August). Bars represent mean values presented with standard error bars.  
 
4.3.4 Predation risk effects on natal dispersal 
Prey population dynamics were further affected by the perceived predation risk 
environments that juveniles grew up in through effects on recruit natal dispersal 
distances.  I observed an interaction between the playback treatment and the recruit's sex 
type on the distance that a recruit dispersed from their natal territory (Fig. 4.4; 3-way 
mixed model ANOVA: F1,35 = 4.74, p = 0.036). Females were observed moving greater 
distances away from their natal nest-site than males when they were exposed to the 
predator treatment as young offspring (Fig. 4.4).  Comparatively, males and females 
moved similar distances away from natal sites when they were reared in the non-predator 
treatment (Fig. 4.4).   
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Figure 4-4. Comparison of experimental recruits dispersal distance from their natal nest 
among recruits that were reared as juveniles in the non-predator (blue circles) or predator 
(red squares) playback treatments that are female or male, to see playback treatment by 
sex interaction. Dots represent mean values presented with standard error bars. 
 
 This sex by playback treatment interaction for natal dispersal distances was 
further corroborated when examining the range of dispersal distances across categories.  
Female recruits from the non-predator treatment had a broader range of natal dispersal 
distances (83 to 2,280 m) compared to female recruits reared in the predator playback 
treatment (551 to 1,464 m).  Similarly, male recruits from the non-predator treatment had 
a broader range of natal dispersal distances (60 to 1,746 m) compared to male recruits 
reared in the predator playback treatment as young offspring (100 to 867 m). 
 My results on effects of predation risk manipulations on natal dispersal distance 
patterns between sexes was corroborated when comparing the natal dispersal distances 
observed from recruits born in study years with no predation risk manipulations at my 
study sites. When comparing the natal dispersal of recruits between playback treatment 
and recruit sex among individuals reared within a predator or non-predator playback 
treatment, along with others from study years with no playback manipulations, I lose the 
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significant treatment (i.e. predator, non-predator, and no treatment groups) by sex 
interaction (mixed-model ANOVA: F2,106 = 1.45, p = 0.240) previously observed when 
just comparing recruits from playback manipulation years (Fig. 4.4).   However, upon 
closer inspection among treatment groupings within each sex category I observed similar 
differences between males and still observed no difference among female groups.  
Wherein, male recruits born in years without playback manipulations disperse similar 
distances from natal territories as males exposed to non-predator playback treatment, but 
tend to exhibit greater natal dispersal movements compared to male recruits reared in the 
predator playback manipulations (Fig. 4.5).  Comparatively, female recruits had no 
difference in natal dispersal movements (Fisher LSD post-hoc, p-values > 0.738) when 
comparing the distance moved from natal territories by females reared in either playback 
treatment manipulation (means + SE; Non-predator: 827 + 150 m; Predator: 989 + 260 m) 
or had no playback manipulations (766 + 124 m). 
 
Figure 4-5. Comparison of male recruit natal dispersal distances based upon the playback 
treatment an individual was exposed to as young offspring.  P-values displayed above 
lines between bars represent Fisher LSD post-hoc p-values between no playback 
manipulation recruits and recruits reared in either non-predator or predator playback 
manipulations as young offspring.  Bars represent mean values presented with standard 
error bars. 
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4.4 Discussion 
Overall, in response to a perceived increase in predation risk juvenile movements seemed 
to only be affected while juveniles were reliant on parental provisioning and were 
unaffected post-independence from parental care.  I observed no difference in the total 
area being used by dependent juveniles, but parents seemed to spatially separate their 
offspring (Fig. 4.1).  Because parents exposed to predator playbacks kept their dependent 
juveniles less clumped near each other spatially, this response may aid in parents from 
losing multiple juvenile young to single predator attack (Naef-Daenzer and Grüebler 
2008, van Overveld et al. 2011).  Post-independence from parental provisioning juvenile 
movement behaviour did not differ when looking at multiple measures of movement (e.g. 
area used, distance moved/travelled, etc).  This lack of influence of predation risk on 
juvenile movements suggests that juveniles may be unperturbed by predation risk, as 
newly independent juveniles they can fly like adults (Chapter 2), which minimizes to 
arguably neutralizes the risk that some previous predators posed to offspring when they 
were nestlings and flightless, like mammalian-predators (Zanette et al. 2006a,b, Naef-
Daenzer and Grüebler 2016). Post-independence from parents other ecological factors 
may be more potent in affecting juvenile movement, like food resources (Boutin 1990), 
since juveniles must become self-reliant for food after losing their parental buffer against 
starvation (Sullivan 1989, Dybala et al. 2013).   
 Young dependent juveniles may be more reliant on parental movement strategies 
to avoid predators since juveniles seem to be distracted with their hunger.  For example, 
Dudeck et al. (2018) provides evidence suggesting that juvenile song sparrows response 
to predation risk is weakened by their hunger.  Dudeck et al. (2018) found that song 
sparrow fledglings did not reduce their visual detectability, but concurrently increased 
their auditory detectability at riskier times when exposed to audio playbacks of predators.  
Fledglings were proportionally begging more when parents were not nearby (i.e. risky) 
compared to when parents were near them when exposed to predator cues compared to 
the same individuals begging at a similar proportion when parents were present or absent 
during control treatments (Dudeck et al. 2018).  Dudeck et al.'s (2018) results counter 
what has been previously found in the literature with nestling begging studies, whereby 
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most nestling begging studies demonstrate that nestlings reduce begging behaviour when 
parents are absent from the nest during periods of heightened predation risk (i.e. exposed 
to predator cues; reviewed in Magrath et al. 2010).  However, this contrast between 
Dudeck et al. (2018) and previous nestling begging literature results may simply be a 
consequence of the fact that fledglings are mobile and may find predator cues less 
threatening compared to immobile nestlings.  
 Within the first week post-fledge juvenile mobility was predictive of survival 
when juveniles were still flightless.  Juvenile survival being linked to recently fledged 
juveniles mobility complements results previously found in song sparrows (Dybala et al. 
2013).  Furthermore, most deaths within the first week post-fledge in the predator 
playback treatment consisted of juveniles that were low in both body mass and fat 
(Chapter 2).  Hence, my finding that recently fledged juveniles that died had poorer 
mobility, was likely a consequence of their poorer physical condition when they fledged 
(Naef-Daenzer and Grüebler 2016).   
 Scared parents producing fledglings that are not only in poorer condition, but also 
have limited mobility, likely handicaps a fledgling's ability to escape predators (Dybala et 
al. 2013, Cox et al. 2014). This combination of poor condition and low mobility not only 
makes an individual easier to catch for predators after localizing an individual, but may 
even aid a predators pursuit in locating prey.  Juveniles may inadvertently make 
themselves more conspicuous to predators when they beg more and louder to attract 
parental food provisioning when they are hungry (Magrath et al. 2010; Dudeck et al. 
2018).  Consequently, if hungry juveniles were potentially signaling their location to 
nearby predators, in combination with their inability to fly and reduced mobility (i.e. 
poorer condition) this may help explain why the most fledgling deaths within the first 
week post-fledging was predominately caused by predators (Chapter 2).   
 Two types of juvenile movement patterns were observed in this study, individuals 
that dispersed to new areas and other that remained near their natal site and/or territory.  It 
is often assumed in the literature that individuals that disperse are exposed to a greater 
risk of mortality via predation (Gaines and McClenaghan 1980; Yoder et al 2004).  
However, my survival model found that leaving a natal site was good for survival, 
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suggesting that staying close to "home" is not always the safest option.  Interestingly, I 
also found that moving into an unfamiliar site was risky as well, and could increase an 
individual's probability of death.  However, individuals that died within an unfamiliar site 
died shortly after moving to their new area (i.e. within the first 3.6 days of being in an 
unfamiliar site), suggesting that juveniles likely take time to learn and adjust to new areas 
(Yoder et al 2004).  This high risk of mortality within the first few days an individual 
moved into an unfamiliar site for dispersing juveniles resonates with how fledglings have 
high mortality rates within the first 3 days post-fledging (Chapter 2), wherein fledging 
from the nest conceivably represents moving into an unfamiliar site (Naef-Daenzer and 
Grüebler 2016).   
 Being more active may increase predation risk since movement may attract 
predators and increase an individual's chance of encountering a predator (Lima 1998; 
Yoder et al. 2004).  Not only does animal movement increase the risk of predation, 
movement may have other costs during periods of breeding or natal dispersal when 
movement rates may increase substantially.  Moving larger distances and at faster rates 
may incur higher energetic demands and also expose dispersers to greater time periods in 
unfamiliar sites compared to non-dispersers, both of which may increase the risk of 
predation (Yoder et al. 2004).  My results suggest that both high movement rates and site 
unfamiliarity both contributed to a higher risk of mortality of juvenile song sparrows 
post-independence similar to other work in birds (Yoder et al. 2004).  
 The perceived risk of predation did not alter movement behaviour in juvenile post-
independence from parents, suggesting that being more familiar with an area trumps 
leaving an area of high predation risk for juveniles.  Moving to a new area incurs an 
inherent risk to juveniles as they move from an area in which they are familiar with food, 
predators, competitors, etc... (Reed et al. 1999, Yoder et al. 2004, Templeton et al. 2012).  
Comparatively, if an individual moves to a new area they are taking a gamble since the 
new area a juvenile moves to may or may not be a better quality area, along with an 
elevated risk of death while an individual inspects and decides upon staying or leaving an 
unknown area (Reed et al. 1999, Yoder et al. 2004).  However, based upon comparisons 
of natal dispersal distances it appears that most individuals do leave their natal site 
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eventually.  Song sparrow populations studied near my study sites have been documented 
for making most of their natal dispersal movements during the fall season (Templeton et 
al. 2012). 
 Juvenile movement was unaffected by playback treatment for the most part during 
my radio monitoring, however, it seemed that predation risk may influence natal dispersal 
decisions differently between the sexes.  I found no effect on female natal dispersal 
movements, whereby females of either playback manipulation usually moved away from 
their natal sites, mimicking what has been found before (Greenwood 1980; Greenwood 
and Harvey 1982; Reed et al. 1999).  Comparatively, male recruits reared in a high 
predation risk environment stayed closer to their natal site.  Yet, males from the non-
predator treatment behaved more like females and established their breeding territory 
further away from their natal site.    
 Predation risk manipulations may be indirectly affecting recruit natal dispersal 
decisions through adult turnover rates at playback treatment study sites.  Because adult 
females had lower survival at predator playback treatment study sites compared to control 
sites (Chapter 3), it would create more opportunities for new females to enter the site and 
allow males to compete for potentially more unpaired females compared to controls.  
Comparatively, at non-predator study sites females may retain their territory with their 
mate from the previous year.  Because of the potential greater competition near natal sites 
in the non-predator treatment recruits may need to move further away from their natal 
sites to minimize competition for securing a mate.  Overall, if playback treatments are 
affecting natal dispersal decisions of male recruits, even if indirectly, this may alter gene 
flow within the population and may affect genetic diversity of a population over time 
(Orrock et al. 2010, MacDougall-Shackleton et al. 2011).  
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Chapter 5  
5 General discussion 
There still exists a large debate in the field of predator-prey ecology about the existence, 
let alone importance of predation risk effects on influencing populations in terrestrial 
vertebrate systems (White et al. 2011, Middleton et al. 2013).  Several hypotheses and 
hypothetical mechanisms have emerged to predict how predation risk can affect prey 
populations (Priessier et al. 2005, Creel and Christianson 2008, Lima 2009, Zanette and 
Clinchy 2017).  Despite this, only a few experiments provide empirical evidence 
supporting predation risk effects in terrestrial vertebrates (Eggers et al. 2006, Fontaine 
and Martin 2006, Sheriff et al. 2009, Travers et al. 2010, Zanette et al. 2011, Hua et al. 
2014).  Several other bodies of work support the existence and importance of predation 
risk effects in terrestrial vertebrates, but the linchpin to their support is that most of these 
studies are correlational or natural experiment comparisons (i.e. observational 
comparisons) and consequently have been regarded skeptically to being out-right refuted 
(White et al. 2011, Middleton et al. 2013).  Moreover, most studies on predation risk 
effects have only examined changes in fecundity (i.e. gamete/propagule production), 
while only a handful of studies have examined risk effects on prey survival.  In my thesis, 
I address this lack of data by examining how predation risk affects both fecundity and 
survival across all life-history stages in song sparrows.  Additionally, I examined how 
predation risk affected juvenile movement patterns which could be linked with survival 
and help explain observed survival patterns with young juveniles or recruits (i.e. natal 
dispersal).  In doing so, my thesis makes multiple contributions to the understanding of 
how the perceived risk of predation can influence prey populations from effects on egg 
production that extend all the way to population growth rates. 
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5.1 Review of findings 
5.1.1 Predation risk reduces offspring production in the nest, a 
replicable effect 
Not only do predation risk effects exist in terrestrial vertebrate systems, but the costs of 
fear can profoundly affect prey population dynamics.  Other experimental studies have 
shown that the fear of predation can have effects on prey fecundity in wildlife (Eggers et 
al. 2006, Fontaine and Martin 2006, Sheriff et al. 2009, Travers et al. 2010, Zanette et al. 
2011, Hua et al. 2014), which was again demonstrated in this thesis (Chapter 2).  My 
results not only emulate previous findings in this study population (Zanette et al. 2011) 
but also were corroborated with natural experimental studies.  For example, predation risk 
effects reported in this thesis on egg production (i.e. clutch size reduction), reduced 
hatching success, and lower fledging production (i.e. lower annual reproductive success) 
mimicked results on offspring production when comparing song sparrow populations with 
naturally high predation risk levels compared to low predator sites (Zanette et al. 
2006a,b).   
 Being able to demonstrate the repeatability of predation risk effects on prey 
reproduction provides further support that predation risk effects do indeed exist in nature 
and are part of the norm in predator-prey ecology (Lima 1998, Creel and Christianson 
2008, Lima 2009, Zanette and Clinchy 2017).  One of the cornerstones in science is that 
experiments that support any given hypothesis should be replicable and give comparable 
results.  Results from this thesis not only show predation risk effects on reducing 
offspring production in prey, but repeat those previously reported (e.g. Zanette et al. 
2011).  Methods used in this thesis replicated those used by Zanette et al. (2011) for 
experimental manipulations in 2013, and from this replication the same conclusions were 
found, that parents exposed to predator playbacks produce fewer offspring that survive to 
fledging (Chapter 2, Fig. 2.3).  Like Zanette et al. (2011), who conducted manipulations 
in the year 2010, results from my predation risk manipulations conducted in 2013 also 
found that scared females laid fewer eggs and had more eggs fail to hatch (Chapter 2, Fig. 
2.1A and 2.2A).  Furthermore, Zanette et al.'s (2011) observed effect of scared females 
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having more of their nestlings die in the nest also was replicated in this thesis in multiple 
years (study years 2013 and 2014; Chapter 2).   Not only was the replication of these risk 
effects on offspring production incredible, but is made more impressive by how these 
field manipulations were conducted on different cohorts of females (females in 2010 vs. 
2013, 2014), and yet the same results were observed.  A 3+ year difference allowed for a 
new cohort of females to be tested and demonstrate that the results reported by Zanette et 
al. (2011) were not due to chance (i.e. females sampled/tested).  By replicating the results 
of Zanette et al. (2011) in my thesis I have conclusively demonstrated that in nature when 
prey breed in a high predation risk environment they suffer reductions in offspring 
production, even when predators cannot directly kill their offspring. 
 
5.1.2 Predation risk reduces juvenile survival to independence 
Results from this thesis has expand upon previous work (e.g. offspring production in the 
nest; Eggers et al. 2006, Fontaine and Martin 2006, Travers et al. 2010, Zanette et al. 
2011, Hua et al. 2014)  and demonstrate for the first time that predation risk effects 
extend past early offspring development (e.g. nestling period) and also affects juvenile 
survival (Chapter 2).  From radio tracking juveniles and establishing their known fate it 
was observed that parents exposed to predator playbacks had fewer juveniles survive to 
independence from parental care.  It appeared that predation risk effects on reducing 
parental care to offspring during early development (e.g. brood-rearing) resulted in 
continued effects on juvenile condition throughout development, impairing juvenile 
survival.  Juveniles in poorer condition were less likely to survive during the early period 
of heightened juvenile mortality observed shortly after fledging (Chapter 2).   
 
5.1.3 Predation risk effects on juvenile movement:  
Fledging from the nest or den represents a dramatic change in young wildlife, as they are 
now exposed to a "new" environment, which can be deadly.  After leaving the nest or den 
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offspring are exposed to several new thermoregulatory and metabolic challenges that 
were previously mitigated within the comforts of a nest or den (e.g. nest structure and 
brood huddling, and female brooding help minimize heat loss; Naef-Daenzer and 
Grüebler 2016).  This "new" and metabolically challenging environment can in turn affect 
juvenile condition and may impair an individual's ability to escape from predators (Naef-
Daenzer and Grüebler 2016).  In both birds and mammals when juveniles have limited 
movement ability (i.e. cannot fly or run fast, respectively) they are inevitably at greater 
risk to being captured and killed by predators (Panzacchi et al. 2009, Dybala 2012, Naef-
Daenzer and Grüebler 2016).  Unsurprisingly, it was found that juveniles from the 
predator treatment that died within in the first week post-fledge had limited mobility 
compared to survivors (Chapter 4).  Dybala (2012) also found that recently fledged 
juveniles with limited mobility within the first week post-fledge also died at higher rates 
compared to more mobile juveniles in a Californian population of song sparrows.   
 Individuals that were both in poor condition and had low mobility may have a 
limited ability to evade capture from predators, but the combination of these factors may 
spell almost certain death for hungry juveniles.  Scared parents have been found to feed 
offspring less (Eggers et al. 2008, Zanette et al. 2011, Dudeck 2018), which may not only 
reduce physical condition (Zanette et al. 2011) and juvenile mobility (Chapter 4), but also 
have repercussions on the detectability of prey by predators.  When hungry, nestlings 
have been found to beg at lower sound frequencies, making them sound louder and 
thereby inform their parents that they are hungry (reviewed in Magrath et al. 2010).  
Thus, hungry fledglings also may beg using lower sound frequencies to communicate 
their hunger level to parents.  Begging louder at lower sound frequencies not only 
emphasizes to song sparrow parents their offsprings' hunger, but also makes it easier for 
parents to localize their small, dark fledglings location within the brush (Magrath et al. 
2010).  However, parents are not the only individuals that can receive and respond to 
begging offspring, predators also may eavesdrop on begging calls and use them to hone in 
on the location of a begging prey, previously demonstrated in nestling begging studies 
(reviewed in Magrath et al. 2010).  Thus, if hungry juveniles beg at lower sound 
frequencies this may represent a parent-offspring conflict wherein juveniles want to be 
fed, but parents likely prefer them to beg at lower volumes (i.e. higher sound frequencies) 
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since they do not want their offspring to be killed or have their own risk of predation be 
elevated (Magrath et al. 2010).  Comparatively, hungry juveniles likely are in poorer 
condition and are less mobile and thereby face a paradox, beg louder to get fed and avoid 
starvation at the cost of increasing their risk of predation, or remain quieter and risk not 
being fed and potentially starve.  This paradox faced by juveniles in poor condition helps 
demonstrate the difficulty in separating predation risk effects and direct killing as 
independent pathways with juvenile survival; was an individual only vulnerable to being 
captured during a predator encounter because of their predation risk-induced weakened 
state or would they been captured and killed, regardless of their predation risk-induced 
state? 
 To help counter the limited ability of young juveniles to evade predators, parents 
exposed to predator playbacks appear to keep their offspring further apart from each other 
outside of the nest.  As recently discussed, parents in predator playback treatments likely 
have hungrier juveniles (Chapter 2) and may be begging louder to inform parents about 
their hunger, while inadvertently being naive to the fact that they are increasing their risk 
of predation (Dudeck et al. 2018).  Parents have been shown to respond to higher risk of 
predation by reducing feeding rates to recently fledged juveniles (Dudeck et al. 2018), 
likely in an attempt to avoid showing predators where juveniles are hidden in the brush.  
Predators can cue into parental movements to and from the same location in vegetation, 
an observation largely noted in nest predation studies (e.g. Remes 2005a,b; reviewed in 
Lima 2009).  Thus, scared parents keeping juvenile siblings further apart from each other 
during the juvenile dependence period observed here (Chapter 4) likely is an attempt by 
parents to prohibit losing their current brood of fledglings in a single predator attack (van 
Overveld et al. 2011). 
 In terms of influences on juvenile movement patterns, predation risk seems to 
indirectly affect the movement of juveniles through their parents.  Evidence to suggest 
that predation risk indirectly affects juvenile movement is seen when comparing the 
juvenile movement patterns observed between the parental dependence and independence 
periods of juvenile development.  After juveniles became independent from parental care 
their movement patterns were unperturbed by playback manipulations.  Comparatively, 
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juvenile siblings were kept more separated from each other when exposed to predator 
playbacks while they were still receiving parental care post-fledging (Chapter 4).  
Because some treatment effects on juvenile movement were only found during the 
juvenile dependency period it suggests that parents were most likely the individuals being 
influenced by the playback treatments and acted as an intermediate between juvenile 
movement and playback treatments during the juvenile dependency period.   
 When looking at natal dispersal differences between playback treatments the data 
suggest that parents and other adults may act as an intermediary between playback 
treatments and male dispersal patterns observed (Chapter 4).  If predation risk influences 
juvenile natal dispersal directly, one might anticipate that differences between playback 
treatments would be found in both sexes, not just one (Lima 2009).  Females in both 
playback treatments behaved normally in terms of dispersal movement, they moved far 
away from natal sites (Greenwood 1980, Greenwood and Harvey 1982, Reed et al. 1999). 
However, males reared at high predation risk sites moved smaller distances from natal 
sites compared to controls (Chapter 4).  This difference in male dispersal may be more of 
a consequence of predation risk on the survival of adults at study sites (Chapter 3).  At 
predator playback sites there is some evidence to suggest that female adults died at higher 
rates, creating vacancies in territories which would enable male sparrows to not move far 
from natal sites.  Comparatively, in controls, females had higher survival and may stay 
paired with their past mate, thereby limiting the ability for juvenile males from the non-
predator playback treatment sites to stay close to natal sites, via competition with past 
territory holders (Lima 2009).   
 
5.1.4  Predation risk reduces recruitment by half 
Not only did predation risk effects reduce juvenile survival, but the net effects on 
offspring production were so strong that they were still maintained and observable at the 
time of recruitment, one full year later.  The cumulative cost of predation risk effects to 
offspring production from egg laying to juveniles aged 7 weeks post-fledging was an 
estimated 53 % difference in offspring production between scared parents and controls 
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(Chapter 2).  This estimated difference between playback treatments for offspring 
production matched what was observed with recruits.  For example, when comparing the 
number of recruits that came from study sites exposed to either the predator or non-
predator playback treatments, 53 % fewer recruits were found alive as adults for 
individuals that were reared in a perceived high predation risk environment.  Moreover, 
my results on juvenile recruitment found that natal dispersal distances did not differ 
between treatments, suggesting that observed differences in recruit survival represented 
the true differences in survival and likely were not a consequence of increased emigration 
rates in predator treatment groups. My observed predation risk effects on juvenile 
recruitment provide further evidence that predation risk effects not only exist, but can 
have a large influence on prey populations because recruitment rates represent a critical 
component for population growth, stability, and persistence (Gaillard et al. 1998, 
Donovan and Thompson 2001, Monrόs et al. 2002).  To my best knowledge this is the 
first time in a terrestrial wildlife species that the fear of predation has been demonstrated 
to affect prey recruitment rates, helping to fill the "terrestrial gap" in predator-prey 
ecology research (Lima 1998) that is still present today (Lima 2009,  Naef-Daenzer and 
Grüebler 2016, Moll et al. 2017). 
 
5.1.5 Predation risk effects on adult survival 
Not only did I observe effects on offspring production, but predation risk effects seem to 
also affect adult survival, in particular, females, the limiting sex of the population 
(MacLeod et al. 2017).  The 39 % greater female survival in the non-predator treatment 
than my predator treatment emulates results previously found in wild-caught snowshoe 
hares (MacLeod et al. 2017). This similar effect on female survival represents a profound 
effect for population dynamics, because with lower female survival, predation risk effects 
are effectively limiting the number of breeders that survive in a population.  Inequality of 
sexes in populations is one of the four stochastic principles in conservation biology, in 
terms of population growth and extinction probabilities (Kelly et al. 2001, Engen et al. 
2003, Melbourne and Hastings 2008, Cotton and Wedekind 2009), suggesting that 
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predation risk-induced reductions in female survival has a large impact on populations 
and should be investigated further.   
 
5.1.6 Predation risk effects on prey population growth rates 
Predation risk effects on all life-history stages of song sparrows were strong enough to 
affect prey population growth rates (λ).  Incorporating the costs of fear on offspring 
production in the nest (i.e. egg production, egg survival, nestling survival), juvenile 
survival to recruitment, and adult survival into population projection matrices revealed 
that predation risk effects could make estimated population growth rates differ by 25 % 
between populations in a predator versus non-predator playback treatment.  This 25 % 
difference between estimated growth rates (Chapter 3) was a large enough difference that 
scared populations (i.e. predator playback treatment) were projected to be decrease in size 
by 24 % per year (λ = 0.76) compared to controls, who were basically replacing 
themselves and remaining a stable population size over time (λ = 1.02).  Overall, after 
integrating the multiple costs of fear into population models demonstrates that predation 
risk effects can affect prey population growth rates, suggesting that predators play a larger 
role in predator-prey ecology than just simply killing prey. 
  
5.2 Future studies 
5.2.1 Importance of predation risk effects on juvenile recruitment 
Juvenile survival to recruitment is a critical but understudied component in population 
dynamics.  Population growth rates are sensitive to changes in juvenile survival (Gaillard 
et al. 1998, Donovan and Thompson 2001) because juvenile survival to adulthood 
basically constitutes the recruitment rate of a population (i.e. number of juveniles that 
survive to become breeding adults) (Monrόs et al. 2002).  Moreover, juvenile survival can 
have greater impacts on population growth rates because it tends to have more variation 
compared to other demographic parameters, like adult survival (Gaillard et. 1998, Owen-
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Smith and Mason 2005, Dybala et al. 2013a).  Since juvenile survival often is more 
variable it allows for more room to change population growth rates compared to adult 
survival rates which tend to be more consistent among study years or cohorts (Gaillard et. 
1998, Owen-Smith and Mason 2005, Dybala et al. 2013a,b).  Juvenile survival to 
recruitment does not only impact population growth rates, but also has been noted to be 
critical for population stability and persistence (Gaillard et al. 1998, Donovan and 
Thompson 2001, Monrόs et al. 2002).  Thus, future studies should quantify what 
environmental variables affect juvenile survival to recruitment, and in particular should 
assess predation risk effects since they can cut recruitment rates in half. 
 Future studies trying to assess predation risk effects on prey population 
demography should focus less on risk effects on fecundity and focus more on juvenile 
survival.  Most research assessing predation risk effects on terrestrial wildlife prey 
populations has primarily focused on costs to prey fecundity (Creel and Christianson 
2008, Lima 2009, Moll et al. 2017, Zanette and Clinchy 2017).  However, predation risk 
effects on prey fecundity seem to demonstrate inconsistent results, with some studies 
finding effects (e.g. Creel et al. 2007, Eggers et al. 2008, Creel et al. 2009, Zanette et al. 
2011) while other studies find no effect (e.g. Fontaine and Martin 2006; reviewed in Lima 
2009, White et al. 2011).  This lack of consistency for fear effects on fecundity is not a 
complete shock, given that fecundity often has a narrow range, often differing by 1 or 2 
offspring in several terrestrial vertebrate species (Martin et al. 2002, Creel and 
Christianson 2008).  This is especially true in large ungulates which are widely studied 
for fear effects on fecundity, despite some species, like elk, giving birth to only 1 calf in a 
given breeding season (Creel et al. 2007, Creel et al. 2009, White et al. 2011).  Given the 
limited variability in fecundity in several prey species it is not surprising that fear effects 
are not always found.  However, the end goal for assessing fear effects on offspring 
production should focus on survival to recruitment, since the number offspring that 
survive to recruitment represent the actual number of offspring parents produce in terms 
of fitness 
 Results from sensitivity analyses also suggest that future studies should focus on 
survival compared to fecundity when assessing predation risk effects on populations.  
Given the logistical challenges to assess the net effect of predators on prey populations, it 
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is not surprising that most studies have focused on fecundity as the sole demographic 
parameter assessed in population models.  However, new advancements in radio 
telemetry technology now allow new experiments to be performed, like those done in this 
thesis, to assess fear effects on both fecundity and juvenile survival across a wider range 
of study species.  Furthermore, results from my sensitivity analyses (Chapter 3) suggested 
that changes in juvenile and adult survival had the largest impact on population growth 
rates, compared to a weak effect of fecundity on lambda. My sensitivity analyses results 
help demonstrate that predation risk effects affect multiple life-history stages in wildlife, 
suggesting that future work should assess multiple demographic parameters to truly 
quantify the net effect of predators on a given prey population.  Future studies should 
focus on assessing survival of juveniles and adults in particular, to help build upon data 
presented here and because these life-history stages will likely vary in their importance 
depending on the life-history and longevity of a study species. 
 
5.2.2 Assessing predation risk effects on cohorts throughout 
development: cost of fear through generations 
Predation risk induced reductions in early parental care to offspring may lead to life-long 
consequences for entire cohorts of offspring, through effects on recruit quality as 
breeding adults.  The nutritional stress hypothesis (Nowicki et al. 1998) predicts that 
periods of low nutritional intake experienced during early development (e.g. brood-
rearing) may impair an individual's growth and development and may permanently 
handicap the survivors (Nowicki et al. 1998, Nowicki et al. 2002).  Scared parents fed 
nestlings less often, resulting in lighter weight young (Zanette et al. 2011).  Furthermore,   
reductions in nestling feeding rates also can adversely affect juvenile physiology 
(Kempster et al. 2007) and permanently alter their brain development (Nowicki et al. 
1998, Nowicki et al. 2002, MacDonald et al. 2006) and impair song learning in songbirds 
(Pfaff et al. 2007). Some evidence presented in this thesis suggests that effects 
experienced in the nest will carry over to adulthood, as nestling weight was the best 
covariate predictor for juvenile recruitment models tested here (Chapter 3), and past 
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studies (reviewed in Cox et al. 2014, Naef-Daenzer and Grüebler 2016).  Thus, it is 
suspected that male recruits will be poorer singers as adults, and thus will produce fewer 
offspring of their own, since poorer singing males have been previously shown to produce 
fewer offspring in song sparrows (Reid et al. 2005).   
 Predation risk induced reductions in offspring quality experienced during early 
developmental stages (e.g. nestling or young juvenile) may persist to adulthood of female 
recruits as well (Nowicki et al. 1998, Nowicki et al. 2002).  Like male song sparrows, 
food stressed females also suffer impaired physiology and brain development in song 
control regions of the brain (MacDonald et al. 2006, Kempster et al. 2007), which can 
consequently impair a female's ability to accurately assess male quality through male 
singing (Pfaff et al. 2007).  Females impaired in assessing male quality may suffer poorer 
lifetime reproductive success if they select to breed with low quality males (Reid et al. 
2005).  Like female sparrows, Sheriff et al. (2009) found that stressed female hares 
produce smaller and more physiologically stressed young that are presumed to be at a 
greater risk of not surviving to adulthood, and being poorer quality adults (i.e. produce 
less offspring).  Consequently, mothers that are stressed because of high predation risk 
levels are basically sharing/passing their stress onto their offspring, representing a 
potential maternal or cohort effect on prey populations through anti-predator responses 
(Sheriff et al. 2009).  
 Predation risk effects on entire cohorts can have long term implications for prey 
populations because population growth rates will not be solely determined by current 
environmental condition, but also influenced by past conditions.  Some of the strongest 
evidence to support that predation risk effects on prey population growth rates can occur 
through cohort effects comes from research about the "enigma of the extended low" 
(Boonstra et al. 1998).  Snowshoe hare and vole populations have been observed to go 
through a cyclic pattern of population peaks and troughs over time (i.e. years), whereby 
populations will grow over time to a peak, followed by a population crashing down to low 
numbers, and then have the whole cycle repeated again and again.  However, after 
populations crash to extreme lows, they are found not to rebound and grow quickly, 
despite environmental conditions being favourable for rapid growth, as food is abundant 
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and predator densities are low.  This enigma of population levels remaining low for an 
extended period of time (i.e. years), despite ideal environmental conditions for population 
growth, likely is a consequence of past conditions on cohorts alive at the population low 
(reviewed in Zanette and Clinchy 2017).  Cohorts alive at the start of a population trough 
were born from mothers that lived in an environment with high predator densities, with 
kill rates of up to 99% of prey populations (Boonstra et al. 1998).  Recruits produced 
from parents under such high predation pressure can produce smaller and more 
physiologically stressed young that are presumed to be at more risk of not surviving to 
adulthood, and being poorer adults that produce less offspring (Sheriff et al. 2009).  
Consequently, it takes a few generations (e.g. 3 generations in voles; Boonstra et al. 1998) 
to remove predation risk effects on cohorts, demonstrating that predation risk effects are 
not only long-lasting, but also cannot be immediately reversed as well.   
 
5.3 Conclusions  
Results demonstrated in this thesis suggest that future studies attempting to accurately 
assess the effects of predators on prey populations should assess both kill rates and 
predation risk effects on prey populations (Creel and Christianson 2008: Zanette and 
Clinchy 2017).  In particular, future work should try to assess predator effects across all 
life-history stages of a population if possible, to fully assess and quantify the net effect of 
predators on prey.  A better understanding of the overall impact that predators have on 
prey populations will help conservation and management authorities in terms of making 
decisions about potential predator control policies (e.g. removal of predators or invasive 
species) to help achieve conservation goals (Longcore et al. 2009).  Moreover, the re-
introduction of fear into a prey population may even help reduce the negative effects that 
some species can have on their environment (e.g. over grazing) when top predators have 
been lost in a given food web/ecosystem (Estes et al. 2011).  The fear of predators 
potentially provides a new tool to help achieve conservation goals and support the re-
introduction of large carnivores to areas suffering from their absence in the food-web 
(Estes et al. 2011).  Furthermore, by increasing an understanding of how predators affect 
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populations will provide data necessary to extrapolate into larger more comprehensive 
community or ecosystem based studies that can help further demonstrate the importance 
of predators not only on populations they prey upon but examine the rippling effects such 
predator-prey interactions can have on food-web dynamics (e.g. trophic cascades), to 
ecosystem functions (e.g. nutrient cycling) and persistence (reviewed in Creel and 
Christianson 2008, Lima 2009, Estes et al. 2011, Zanette and Clinchy 2017).   
 Overall, my thesis has demonstrated that predation risk effects can play a large 
role in predator-prey ecology, such that failing to consider predation risk effects will 
greatly underestimate the total impact that predators have on prey populations.  Failing to 
accurately assess the net effect that predator have on prey populations, especially with 
threatened or endangered species,  could lead to conservation decisions that fail to 
achieve conservation goals (i.e. conservation of a species in a select area or as a 
population as a whole) (Longcore et al. 2009). 
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Appendices 
Appendix A: supplementary material for Chapter 2 
 
Appendix 1.  Map of study area with location of predator (red circle) or non-predator 
(blue circle) playback treatment site manipulations within the Gulf Island National Park, 
BC, Canada. 
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Appendix 3.  Table listing of the cardinal direction rotation of playback speaker units 
around a nest in the four cardinal directions. 
Rotation 
number 
Cardinal direction around nest 
placement: 
First Second Third Fourth 
1 N W E S 
2 E N W S 
3 S E N W 
4 W N S E 
5 N E W S 
6 E W N S 
7 S W N E 
8 W E S N 
9 N S E W 
10 E S N W 
11 S N E W 
12 W N E S 
13 N S W E 
14 E W S N 
15 S W E N 
16 W S N E 
17 N E S W 
18 E N S W 
19 S E W N 
20 W E N S 
21 N W S E 
22 E S W N 
23 S N W E 
24 W S E N 
Note: Upon completion of this rotation order in a given playback treatment, the next nest 
(number 25) would start from the beginning of the list again.  N- North, E- East, S- South, 
W- West.  
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Appendix 4. Demonstration of physical size measurement taken on nestlings.  A) Mass 
measured with a digital Pesola. B) Tarsus length  measured with calipers.  C) Wing chord 
length measured with a wing ruler.  Hand drawn images showing tarsus length (panel B) 
and wing chord length (panel C) measurements were adapted from Jongsomjit et al. 
(2007).  
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Appendix 7. Summary of nest number and study year effects 
Appendix 7.1 Nestling condition and survival 
 Further exploring nestling condition and survival also finds some nest and year 
effects.  Looking at nestling hunger, we also found that broods from second nests eat 
more food (2.84 + 0.10 scoops) than broods from first nest attempts (2.58 + 0.08 scoops; 
mixed-model ANOVA: F1,99 = 5.804, p = 0.018).  Meanwhile, when looking at fat scores, 
we find a year effect, wherein broods have higher fat score in 2014 (6.42 + 0.21) 
compared to 2013 (5.25 + 0.23; mixed-model ANOVA: F1,90 = 14.193, p < 0.001).  
Interestingly, when we look at nestling survival we find a significant nest by year 
interaction ( p = 0.014; Table 1).  This interaction is driven by how in 2013 nestling 
survival is lower in nest 1 (63.55 + 5.60 %) compared to the second nest (88.54 + 8.58%), 
with the inverse relationship with nest attempts in 2014 (nest1: 88.16 + 5.22 % vs. nest 2: 
81.84 + 6.89 %).   
 For our measures of nestling size (mass, tarsus and wing chord) we did observe 
some nest and year effects.  For nestling mass we found a significant study by nest 
number interaction (F1,90 = 4.689, p= 0.033), whereby nestlings were on average heavier 
in the second nest of the season in 2013 (15.81 + 0.37 g) compared to nestling from 
females first nest (14.44 + 0.31 g).  Whereas, in 2014 there was no observable difference 
in average nestling mass between first (16.01 + 0.26 g) and second nests (16.14 + 0.34 g) 
of the season.  Lastly, we also found a effect of females nest attempt on the tarsus length 
of nestlings, with individuals from the second nest having longer tarsus lengths (19.83 + 
0.19 mm) than nestling from first nests of a season (19.18 + 0.15 mm; F1,90 = 8.727, p= 
0.004). 
Appendix 7.2 Juvenile survival 
 Along with finding significant effects of playback treatment on juvenile survival 
we also found that other variables have an effect on juvenile survival. The nest attempt a 
juvenile fledges from is a significant variable in the CPH model (Table 1), but this effect 
is overshadowed by the significant nest by year interaction (Table 1).  This interaction 
mimics the interaction seen for nestling survival (Table 1), whereby, just like nestling 
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survival in 2013 juveniles from females first nest have lower survival (32.38 + 11.25 %) 
compared to juveniles from second nests of the season (46.67 + 11.02 %).  Again, like 
nestling survival, the opposite pattern exists in 2014 for juvenile survival, whereby 
juveniles from females first nest attempts in 2014 have higher survival (70.07 + 7.68 %) 
compared to juveniles reared in second nests of the season (34.07 + 11.32 %).   
Appendix 7.3 Juvenile condition 
 For only, older juvenile measures we find a study year effect on juvenile mass, 
whereby juveniles in 2014 were heavier in mass as both older, dependent juveniles (23.56 
+ 0.33 g) and as independent juveniles (24.86 + 0.75 g) compared to juveniles in 2013 
(22.22 + 0.35 g, 22.83 + 0.51 g, respectively; dependent juvenile mass: F1,82 = 5.755, p = 
0.020; independent juvenile mass: F1,28 = 4.442, p = 0.045).   
Besides our previously described playback treatment effects on juvenile fat, we also 
observed a main effect of nest (F1, 82 = 5.920, p= 0.017) and year (F1, 82 = 16.392, p < 
0.001) on juveniles measured as older, but still dependent juveniles.  At this older, 
dependent age/stage,  juveniles that came from female's first brood of a season are leaner 
(3.09 + 0.25 fat score) than juveniles coming from a female's second brood of the season 
(4.08 + 0.32 fat score).  Also, during this age/stage of juvenile development, juveniles 
monitored in 2014 were fatter (4.45 + 0.29 fat score) compared to juveniles monitored in 
2013 (2.72 + 0.31 fat score).  For all three juvenile ages/stages no significant interaction 
terms were found (all p > 0.210). 
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Appendix B: supplementary material for Chapter 3 
 
Appendix 8. Study area searched for banded recruits. A) Map of study area with location 
of study sites monitored for breeding within the Gulf Island National Park, BC, Canada 
during playback manipulation study years 2010, 2013, 2014.  Study site locations are 
marked with yellow circles.  Areas surveyed for recruits are outlined in white (the large 
area on the left side of the map is also a part of Salt Spring Island). B) Picture of trail map 
sign of trails on Portland island (orange lines) used to help survey for banded recruits. 
 
Appendix 9. Summary of nestling condition and weather variables comparisons 
between playback treatments and study years 
 When looking at the seasonal timing of fledging from the nest (i.e. Julian date), I 
found no difference between playback treatments date of fledging, being late May for 
both playback treatments, (Non-predator: 149.8 + 2.5 day vs. Predator: 147.5 + 2.6 days; 
ANOVA, F1,153= 0.415, p= 0.520) or any interaction terms among treatment and study 
year (all p-values > 0.100).  The Julian date of when nestlings fledged also did not differ 
between study years (p-value = 0.355) 
 There was no playback treatment difference between ambient temperature and 
rainfall that juveniles were exposed to within their first 3 weeks post-fledgling, but we do 
observe some year effects. We observe a significant year effect for both ambient 
temperature (ANOVA, F2,152 = 149.17, p < 0.001) and rainfall (ANOVA, F2,1527 = 22.328, 
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p < 0.001) that juveniles are exposed to within the first 3 weeks post-fledging.  With 
ambient temperature, we see that juveniles were exposed to warmer ambient temperatures 
among the years following this descending order: 2014 (15.4 + 0.1 °C), 2013 (14.8 + 0.1 
°C), 2010 (13.7 + 0.1 °C). While rank order of study years based on precipitation 
followed a different descending ranking of wettest to driest: 2013 (27.3 mm + 2.0 mm), 
2010 (21.6 + 1.7 mm), 2014 (10.5 + 1.7 mm). 
 
 
 
Appendix 10. Breakdown of counts for juveniles fledged from nest exposed to either 
non-predator or predator playback manipulations and the study year that each juvenile 
fledged from the nest in during playback manipulation experiments. 
Playback Treatment Study Year 
Juvenile 
Count 
Non-Predator 2010 86 
 
2013 52 
 
2014 98 
Predator 2010 60 
 
2013 51 
 
2014 69 
Note: Total juvenile counts for each individual survival model parameters are:  
Non-predator= 236; Predator= 180; Year 2010= 146, Year 2013= 103, Year 2014= 167.  
 
 
Appendix 11. Breakdown of within-nest ranking (via nestling body mass) for individuals 
seen alive as recruits from nests exposed to either non-predator or predator playback 
manipulations during playback manipulation experiments. 
  Within-nest rank   
Playback treatment 1 2 3 4 Row Total 
Non-predator 6 13 11 2 32 
Predator 5 7 3 0 15 
      
Column Total 11 20 14 2 Grand Total: 47 
 
 
 
 
 
 
164 
 
Appendix C: supplementary material for Chapter 4 
 
Appendix 12. Example of convex polygon created from two independent juvenile that 
both survived and were monitored from the time the first left the nest until the end of the 
study monitoring period (August 31). A convex polygon example is provided for a single 
individual for both the predator (red) and  non-predator (blue) playback treatment.  The 
GPS location for each individual is represented by the white dots for each of their own 
respective convex polygon. 
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Appendix 13. Locations and movement paths for two individual song sparrow juveniles 
monitored from when they first left the nest to the end of August, that exemplify the two 
most common juvenile movement scenarios.  Juvenile 1 (blue dots), on Brakman island, 
exhibited no movement away from their natal site into an unfamiliar area.  Juvenile 2 
(white dots), exhibited one distinct shift from their natal site, Pellow islets, to eventually 
move to the South end of Portland island.  The islands shown here are found within the 
Gulf Island National Park, BC, Canada. 
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Appendix D: Ethics approval for animal use 
 
AUP Number: 2010-024 
 
PI Name: Zanette, Liana 
 
AUP Title: The Effects Of Predators And Predator Risk On Prey: From Genes To 
Ecosystems 
 
Approval Date: 04/04/2014 
 
Official Notice of Animal Use Subcommittee (AUS) Approval: Your new Animal Use 
Protocol (AUP) entitled "The Effects Of Predators And Predator Risk On Prey: From 
Genes To Ecosystems" has been APPROVED by the Animal Use Subcommittee of the 
University Council on Animal Care. This approval, although valid for four years, and is 
subject to annual Protocol Renewal. 2010-0245 
 
 
 
This AUP number must be indicated when ordering animals for this project. Animals for 
other projects may not be ordered under this AUP number. Purchases of animals other 
than through this system must be cleared through the ACVS office. Health certificates 
will be required. 
 
The holder of this Animal Use Protocol is responsible to ensure that all associated safety 
components (biosafety, radiation safety, general laboratory safety) comply with 
institutional safety standards and have received all necessary approvals. Please consult 
directly with your institutional safety officers. 
  
Submitted by: Copeman, Laura on behalf of the Animal Use Subcommittee University 
Council on Animal Care. 
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